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PREFACE 


In the period which ha< «!apsed since the pabUeatioo of the book 
"Recording Sound for Motion Pictures," by the Academy of Motion 
Picture Acts and Sciences in the year. 1931. there have been many 
advances in the devciopmenc of equipment and technique for recording 
sound for the motion picture. 

Most of these advances have taken place as a result of the coopera¬ 
tive endeavor of a large number of technical experts, and this book 
covering current sound recording and sound reproducing practice 
results from a further extension of the technical cooperative idea as 
exemplitied by the Research Council of the Academy of Motion Picture 
Arts and Sciences. 

Although the Academy of Motion Picture Arts and Sciences has 
engaged In cooperative research ever since its organization in 1927, the 
Research Council as it now functions was organized in 1934, having 
at that tirne eight cooperative projects in the hands of eight separate 
Committees. Pounded upon the recognition of the value of a group 
judgment based upon an orderly study of all of the facts, the Council 
was set up to coordinate technical problems within the industry, the 
entire effort being directed towards getting pictures of better quality 
upon the screen and getting them there at the lowest net cost and with' 
the highest net efficiency. 

In the Council the motion picture industry has available a smoothly 
working machinery to handle industry projects involving investigadon 
beyond the scope of any one individual studio or company and oi 
tackling problems which can be dealt with mote effectively and more 
economically through cooperadve action rather than by the Individual 
companies working separately and thus duplicating tbelc development 
effort and expense. 

Since its reorganization in 1934, the Council's activities baw 
steadily grown until at the present time there are thirty-six technical 
committees operating under Council sponsoeship, investigating prob¬ 
lems of sound recording, sound reproduction, projectioo, laboratory 
practice, film preservation, photography, lighting and set acousdes, 

The work of all of the various technical committees fonctions 
through the Council proper, which consists of a chairman rtpiesntdng 


PREFACE 


(he prodncing companies and one technical repcesencacive for each oi 
the studios participating in this work—these being: John Livadacy. 
represencing Columbia Pictures Corporation: Douglas Shearer, repre¬ 
senting Metro*Coldwyn-Mayer Studios; Farcioc Edouart. representing 
Paramount Productions: John Aalberg. RKO-Radio Pictures: E. H. 
Hansen, 20ib Century'Fox Film Corporation: Thomas Moulton. 
United Artists Studios: Homer Tasker. Universal Pictures Corpora* 
tion; and Nathan Levinson. Warner Drothejrs*First National Stodios. 

The Council acts as the governing body directing the work and 
acKvities of the Committees, each of which in turn operates under the 
direction of a chairman who is selected from the staff of one or anochet 
of the participating companies and chosen for bis particular qualifica* 
tions in the field within which the Committee is to function. 

The members of the Council, and the chairmen and members of the 
various committees all donate their time and knowledge to carry on 
this cooperative activity, receiving no compensation other than the 
satisfaction of having participated in a worthwhile industry activity 
and of having achieved results which without their participation would 
have been impossible. 

We believe that this book, which has resulted from approximately 
two years' work by the Council's Committee on Industrial Education 
and the group of sound course instructors and authors who have pre* 
pared materials included in it. will become a valuable addition to the 
technical literature on the motion picture and we offer it to the indnstry 
with a feeling of great pride. 



Chairmen. 

RtMaicb CoQficU 

Acaderay of Motion Pkrart Arts sod Sdeoccft 

Hollywood. Csllforots. 

Jsanary 19)8. 
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FOREWORD 


Earl)' sn 1936 the Research ConncU of the Academy of Motion 
Picture Arts and Sciences, recognizing the great advancements in the 
sound field during the previous few years and realizing the valoe to the 
industry of a completely trained personnel in the studios, appointed 
the Conadrs Committee on Industrial Education, under the chairman¬ 
ship of Dr. J. G. Frayne. assisted by Barton Kreuzer. Dr. Burton F. 
Miller. William Thayer and Ralph Townsend, to invescigace the needs 
for vocational education within the motion picture studios. 

This committee subsequently arranged and conducted a Course 
in the Fundamentals of Sound Recording, which was attended by 100 
selected studio sound department employees, divided into two classes 
of 50 each. 

Both of these classes, meeting twice each week, were instructed 
by A. P. Hill of Electrical Research Products. Inc. 

EntoUments in this first course in the Fandamentals of Sound Re¬ 
cording were limited Co 100, each studio's quota being chosen by the 
director of that studio's sound department. The first announcement 
of the course calling for applications for enrollixient to be submitted 
through the studio sound directors, resulted in the filing of 206 applka- 
rions. In consideration of this uaforseen popularity of the Council's 
educational program, it was decided to repeat the Fundamental Course 
again the next fall, under the direction of Mr. Hill, to an additional 
group of 50 sound technicians. 

Concurrent with the second of the Fnndamental Courses, the Ad¬ 
vanced Coarse in Sound Recording, under the direction of Messrs. Fred 
AJbin, L. B. Clark, John Hilliacd and Harry Kimball was ananged 
for a group of 30 studio sound engineers consisting of those wbo had 
completed the first Fundamental Coorse. and others having the necss- 
aary previous education and experience. 

This educational program has proven to be of great valns to the 
200 studio sound department employees who were enrolled, ead) of 
whom is of greater value to the indostry becanse of the added know¬ 
ledge gained fcooi the Conraes. 

Stenographic transcripts were made of the lectuses pr es ented tn 
chase Courses, and material included in this book has been assembled 
from these tnucripta. 

rrfi 
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Any discontinuity in itw uxt results from the fact that the book 
is made up of a series of lectures which were originaHy prepared for 
presenracioR to the sound course classes and subsequently edited by 
ibeir authors for inclusion in this work. 


We believe that MOTION PICTURE SOUND ENGINEERING will 
answer a definite need for an auchoriutiyc treatise on sound recording 
and sound reproducing, and anticipate chat this volume will become 
an important reference authority on sound in motion pictnres. 




Vi’et-ChalrnMn. 


Rncorcb Council 

Aculcmy of Morion Purorc Atu and S<WBca, 


Hollywood. Callfofflia. 
January 3, 1938. 
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Chapter I 

BASIS OF MOTION PICTURE SOUND 

Bv WESLBY C. MILLER 


"The world is so fall of a sumher of cbings. I’m sure we should 
all be as happy as kings.” Even chough the btiman race fails to attain 
to this condition of perfcccion each of us has his own ideas about the 
world in wbicb be lives. Consciously and otherwise we are continually 
absorbing from the infinite variety which surrounds ua. and in turn 
we make our conceihution through one own reflected personality. 
Since earliest childhood we have been sorting ouc and compiling 
pressioDS and associations which are limited only by ouc own imagina* 
cion, reasoning power and environment. As the cocscions mind learns 
to.ezerc its main effort in directing our activities, much of this assimila¬ 
tion becomes involuntary and automatic Tbe accomnlation of im- 
ptessions U important indiffecence to the means of accumulation 
results. In normal life this indiffereace is not necessarily a criticism. 
However, in the creation of artistic illusions sucb as tbe mcption picture, 
careful analysis is required of the nature of both tbe voluntary and in- 
voluntary sensory impressions. 

Translation of things into impressions in tbe consciousnea of our 
brains and minds is through the senses. The sensations which* tbea 
organs furnish to os have enabled os to build op an accumulatiM of 
experience whereby cause and effect assume tbe rtlarions and aaaocin- 
cions we have learned to expect. In tbe natural world certain combma- 
cions of objective elements of sight and sound are familiar to na. It is 
only when our ezpecracions are disrorbed that we commence to wonder 
and to investigate. Tbe character of a sound informs ns of its probable 
source and time of origin. We know what to expect when we start out 
to identify that source and we have but to trace ic back ro find it. 

Tbe recording medium introduces a new element—time. Tbe 
reprodneed sound may no longer be traced directly to its source is point 
of time. Any period may elapse between the original incepcioa and the 
final reproduction. Tbe idencficadon of source becomes a vohmtary 
effort, and a mulrirodc of questions arises to perplex ns in tbe technique 
of tbe reproduedon system. The motion picture craftsman deshes to 
create in bis product an allodon which plays upon the imagiiution 
of his audience to make them forget cbeae artificial factors. By tbe many 
artifices at bis command be may often transport tlasm from tbrir own 
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sphec£ to the eotirel 7 oev surroundings which be proridrs for them 
the screen. 

1. THE RECORDING SYSTEM A ROBOT 

The ear is but a part of the sense of hearing. It Is the means of 
transmitting outside sound phenomena to the brain where the final im¬ 
pression is made. The brain selects that which is wanted and discards tbe 
rest so that, within reasonable limits, we hear only that which we wish 
to hear. This faculty of selection and concentration is Tecy yaluable to us 
in the atmosphere of noise which U always around us. It makes conversa¬ 
tion possible in the midst of crowd noise at a football game. Again, is 
quiet surroundings, we can select from among several persons all talk¬ 
ing together, the voice of the one we wish to hear. Physically the 
presence of our two ears—the binaural sense of hearing—is an invalu¬ 
able aid to such concentration. Sounds reach tbe two ears with minute 
differences of time and phase and loudness which give us a means of 
identifying tbe location of the source. Perspective is established and 
tbe world of sound becomes three dimenaional. 

A microphone and recording system have no such discretion. They 
are robots which pick op everything within their range and record it 
to the best of their ability. They possess no inherent means of select¬ 
ing only that portion which b wanted. Emphasis is not possible to 
them without human guidance. Moreover, tbe recording system is. up 
to tbe present time at least, a monaural or single-eared arrangement. 
Binaural reproduction is practicable experimentally and should be an 
advantage when petfected for general nae. In any case tbe direction 
of the robot, tbe pcovbion of a brain for tbe microphone, devolves upon 
the sound man. He must control its location, directional qualities and 
response so that the audience will hear only that which is intended for 
it. Reduction of undesired extraneous noise to a minimum, exag¬ 
gerated perspective, control of loudness and character of sound are in 
bb hands to provide an illusion of pseudo binaural hearing and realbm 
on the screen. 

2. NATURALNESS OF ILLUSION 

Sound must naturally just fit tbe picture on tbe screen and it must 
seem to come from tbe appacent source in tbe picture. Tbe philosophy 
of tbe sound illusion b complex, but fondamcntally it is largely a 
matter of perspective and loudness. Perspective b built into tbe record 
with theatre reproduction conditions in mind. Loudness, however, b 
susceptible to adjustment in both the record and theatre and is a study 
in itself. 

An audience clearly demands that more be heard from a moCton 
picture than from the usual stage presentation, apparently recog- 
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ntzing the voice limitations of the actors on a stage and being willing 
to accept the loss of certain parts of (he show which cannot he heard. 
The motion picture audience is more dilhcult to please as it demands 
complete understanding of evety word. Inasmuch as the timing of 
audience reactions must be predetermined and builc into the picture, 
this demand is often hard to meet. Fortunately the correct loudness or 
sound volume to fit (he picture is invariably greater than that which 
would be heard from a person at the screen, as the screes figure is 
usually larger. In passing, it is also of importance to note chat all 
people do not hear equally well, which means a compromise adjust¬ 
ment to fit the majority. 

A perso n ra ises his voice Co speak more loud! y. The loud ness cha nge 
is created by a physical change in the voice characteristics. The pitch 
Increases, the power content becomes located higher In the frequency 
range and the bass elements are reduced. Somewhat the same conditions 
bold for any noise or for music, with the reservation that the pitch 
change may be either less or not present. With a reproducing system, 
however, loudness may be artificially adjusted over a virtually unlimited 
range. In such an adjustment, the entire fiequcncy range is raised or 
lowered an equal amount. If the volume is improper and does not 
correspond to the original, the ear hears an unnatural sound from the 
distorted relation between the various elements. Too-loud reproduc¬ 
tions sound over-baased. while thinness and lack of bass result from 
too-low volurne. 

The recorder attempts to have his actors speak at a voice level ap' 
propriate to the scene and surroundings. To make this v^ce seem 
natural at the screen after its loudness a increased to fit the (Venire, be 
then adjusts the gain‘frequency response of his system—equaliza- 
t{on_to compensate for the expected difference in loudness. If the 
actor fails to speak in the proper tone of voice, furtbff equaloation u 
required to make the final reproduction sound right. If. after these 
corrections, the theatre plays the sound at improper volome kvd or 
loudness, the whole balance is further upset In spice of the fact ch<U 
the record was properly made. 

Loudness is greatly affected by reverberatloiL The car bears both 
cbe sound coming directly from a sourcu and a serto of reficctio&s in 
various relations of phase and attenuariem. Reeordutg tecbaiqae must 
DOC only recognize reverberation but must employ It as one of the 
factors to enhance the illusion.. One effect of mosantal listening k u 
apparent increase of reverberation over the binanral cooditiou. Hence 
a genetal redaction of the normal reverberation is necessary in cbe record. 
A d^arnue from this rnle may often be desirable for certain forms of 
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musical recordings. In every case Che original reverberation on the sec 
muse be controlled and used with refcreoce to the additional reverbera- 
cion which will be introduced by the theatre acoustic condition. 

Tlse nature of the overall gain-frequency characteristic of a com¬ 
plete system has always beea the subject of much discossion. On first 
thought it would appear chat distortionless reproduction would be best 
obtained by a system having every element capable of uniform response 
at all frequencies. This would be perfectly true were it not for the 
necessity for the adjustment just mentioned, to compensate for louder 
reproduced volume. There is fairly common agreement upon the 
nature of this adjustment, which is in general an attenoatioa at the 
low frequencies. In addition tbe agreement is becoming more general 
on the total range of fcequencies which should be accommodated. About 
30 to 7.500 cycles is more ot less accepted as tbe useful range, with a 
definite feeling that even the upper end of this range may at times 
cost more in apparatus refinements and difiicnlcies chan Its reproduction 
may be worth. 

J. RADIO VS. PICTURES 

The sound technique for motion pictures is quite dillereut from that 
of radio. Radio music and speech require nothing of the eye. The 
listener may create his own imaginary picture of the setting, or more 
often probably gives it little or no thought. Moreover, be adjusts the 
volume to bis immediate pleasure with no reference to the probable 
original volume or to any illnsioa of the source having been in the 
room. In tbe radio studio no limitations exist to control the microphone 
placement—there are no lights or camera lines to be avoided. .A 
psychological factor is that radio is more often used as a general back¬ 
ground with a loveced concentrahoa demand upon the listener. Tbe 
motion picture illttiion, involving both sight and sound, must be more 
perfect and ita requirements are much more complex. Aside from tbe 
need for perfect synchronism between picture and sound, tbe simi> 
laricy of apparatus and transmUaon methods is recognized, hut the 
philosophy of their use lo motion picture work is different. 

4. AN ENTERTAINMENT FACTORY 

The motion picture industry is ftom every point of view one of 
the most peculiar in the world. Regardless of artistic desires which are 
its fouodatiou. the commercial end U of manifest importance. Oc¬ 
casionally an artistic effort is made with no thought of pecuniary gain 
but it b DsuaUy tbe ase that a profit must be made. This requirement 
Is sometimes difficult to meet iu terms of the purely artistic. The busi¬ 
ness b one of iucreasing demands upon tbe technical staff to maintain 
tbe perfection of past performances and to cofLCintully be developing 
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and improving the technical processes Co give greater freedom Co the 
creative genius of the producer and hia staff. 

Entertainment value is a measure of the success of the production. 
Entertainment will, however, be found to be a very complex and clever 
combination of all of the many elements available to the producer. The 
motion picture studio may very aptly be termed an entertainment 
factory. In many respects it is organized on ibe same principles as 
Chose followed in any other type of manufacturing plant. The caw 
material happens to be stories and situations, actors, music and effects. 
The embellishrncnt and processing which chis raw material gets is the 
technical treatment at the bands of the art director, cameraman, sound 
man. musician, editor and nuny others, guided and moulded by the 
hand of the director who is a master craftsman and designer with full 
knowledge of the capabilities and limitations of his tools. 

An important corollary Is that all of the various people working 
with the director must not only be thoroughly familiar with his desires 
and aims but must also have a well rounded experience and knowledge 
of the work of the ocher departments. The set designer cannot dis- 
tegatd acoustics even chough he be tempted to use a particular form of 
construction for some other reason. The camera and sound people have 
the constant problem of the relation between camera angles and micro¬ 
phone location, affecting both perspective and interference between the 
camera lines, lighting and microphone. The musician designs hb 
music and lyrics for the scene. Scenes are made and remade for per' 
fection and scores of thousands of feet of film are shot. Finally the 
editor draws all of this material together into final finished story form 
and must depend upon the work of the others who have made the film 
to furnish him with material which has the proper mechankal 
dramatic elements to combine properly into a dramatic entity of suit¬ 
able length CO be released. 

Probably the simplest thing which the sound man does la to record 
sound. His familiarity with all of the capabilities and limicationa of 
bis sound system as such is the familiarity of a workman with his to^a. 
His real creative work involves complete understanding of ti>e overall 
showmanship problem and of the interlocking requirements of the 
several crafts. It happens that his own technical language is chat of 
decibels, gammas and equalizers which are enHxc strangera to the sese 
of the motion picture world. Xc also happens (bat the sound man's 
training has usually been such that be is able to as^Qau the baw 
knowledge of the other fields and can meet them on cbeir own ground. 
The reverse is often not true. It is unfortunate ebat the sound man may 
have the reputation of being "high brow." Ofteo be appears to ob' 
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Struct the way of progress because he alone recogni2e8 some of the limita' 
tions beyond which, at the momeftt. it is not pcaciicable to try to go. 

It should be recognized that ttie same sound man U well able to plan 
the details of a scene and to produce the desired overall effect while 
still keeping within the limitations imposed by physical laws which no 
one has yet found a way to circumvcoc. This is not a plea for the sound 
man but merely an observation of experience, an observation which, 
when followed, usually has a beneheial result upon the completed pro¬ 
ductions. 

5. A BRAIN FOR THE MICROPHONE 

The sound man is the brain of the microphone. He guides the 
technical system and its action to produce the illusion which is desired 
on rhe screen. Without him many undesired sounds which actually 
occur on the set but which have no bearing upon the production might 
easily be recorded into the finished product. With him the desired selec¬ 
tion and emphasis are obtained. Adjustments to compensate for the 
monaural listening ability of the microphone are secured by his appara¬ 
tus control so that be records only that which is wanted, discarding 
all undesirable material. His technical knowledge of rhe mechanics of 
acoustics, equalizers, filters and other mechanisms peculiar to sound « 
work is brought to bear. It is his job to handle and combine a series 
of objective factors to produce a subjective result which will entertain. 

In most instances the sound man is a whole department. It is the 
practice, particularly in the major studios, for the control of the sound 
policy to be maintained within certain limits. General type of quality 
and characteristics, specification of acoustic and other working condi¬ 
tions on the set. laboratory control, maintenance of a complete electro¬ 
mechanical recording system—these and a multitude of other factors 
are coordinated and controlled by a sound department as such. The 
individual recordist may then go out on the firing line-^the set-^with 
a system at bis command which is carefully maintained and adjusted 
for him and he is free to work out and to coordinate the many details 
which arise there. Fat from stifiiag rhe individual and his efforts, thU 
mode of operation gives him more freedom because be is relieved of the 
care of many technical matters which can be designed and maintained 
for him. 

There is another member of the sound fraternity who is not usually 
included in a discussion of recording and reproducing technique but 
who plays a major part in the success or failure of the studio's sound 
efforts. This is the theatre projecdonist. or it may be the managemeai. 
Whatever the studio sound may be when reproduced under carefully 
controlled studio condirions. rbe final reproduction is in the tbeatsy 



BASIS OP MOTION PICTURE SOUND 


7 


and ondar Us concrcL It is gratifying to know the degree of favorable 
results and intelligent handling in this essential part of the field even 
chough mnth remains to be done in modernizing equipment in many 
theatres. This is probably the most impoitant technical problem con¬ 
fronting ibe sound end of motion pictures at the present ticne. Poccun' 
ately it is being approached in a manner which indicates that improve¬ 
ment may be expected. 

6. THE TECHNICAL SYSTEM 

The basic elements of a sound recording and reproduction system 
are perhaps fairly well understood by even the layman. However, a 
brief review of the fundamental processes may not be amiss, to provide 
the reader with some form of outline into which be may fit the more 
detailed dUcnsslocs as they appear. 

Sound recording and repcoduction involve a secies of transforma¬ 
tions of energy from one form to another- The listener should heat by 
means of the recording the same sound he would have heard had he 
been present when the original was created. If a simple reproduction 
system is interposed between source and listener, the latter hears the 
sound through the system simultaneously with its creation. The further 
interposition of a recording mechanism places the sound in permanent 
form on a recording medium so that it may be reproduced at any 
future time. Any such system can do no mote chan faithfully reproduce 
an original. Actually all systems have certain inherent Umitations and 
their faithfulness is measured by the degree of refinement attained in 
their design and use. 

Sound emanates from a source in the fonn of pressure variations in 
the air. The amplitude, frequency and phase relations of these varia¬ 
tions are determined by the character of the sound. Their effect upon 
the eat produces the sensation of tbe particular sound. Tlw recording 
and repcoduction system should faithfully maintain the original pres¬ 
sure variation relations or the listener will not hear a counterpart of 
the original. 

The elemeorary form of the sound wave is the familiar sine wave. 
In passing, two of its important features should be noted: Hrst that 
sound is made up of highly complex and constantly shifting combina¬ 
tions qf frequency, relative amplitude and phase rdacions: second, that 
any wave fttiu or group of wave forma can be shown to be tbe result 
of a combinacioD of a number of simple sine waves of various feequenoes 
and other determining characteristics. Not only is this true of sound but 
it also applsea to all of the electrical, mechanicarand other systems 
which appear in the recording process. Ic ^oold be further noted in 
this cofiQsctioa that a rclatrvriy sbarp disdnctiMi ezisa between eran- 
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sient and steady state condidons. These impose entirely dilTerent de* 
maods upo^che technical system* even though they may both be 
reduced to a jine wave series. 

The diaphragm of a microphone placed in the field of a sound wave 
vrill vibrate in sympathy with it, resulting in mechanical energy in the 
form of the diaphragm movement. Microphones of any type depend 
upon the equivalent of such diaphragm movement to change the resis¬ 
tance of a carbon button, to vary the capacity of a condenser, to rnove a 
coil or ribbon within a magnetic field or to modify the pressure upon 
a piezo-electtie crystal. Any type of microphone thus effects a change 
in energy from the mechanical form of diaphragm movement to an 
electrxcU form as the output of the instrument. 

In electrical form the energy variations are in such condition that 
any desirable amount of amplificacion may be provided by means of 
the conventional vacuum tube amplifier. Moreover, it becomes practic¬ 
able in this stage to make any changes, or corrections which may be 
desirable in relative frequency response or io other characteristics of the 
signal. Too much cannot be said of the importance of the amplifier aod 
vacuum cube to sound work. As in radio and other allied fields, the 
vacuum tube amplifier makes the whole process practicable. 

With the electrical signal amplified to a sumcienc degree, the' next 
steps are further transformations into mechanical, and finally chemical 
form, using light in the transition, through the medium of the modulat¬ 
ing device which regulates the signal that goes on the film. The modu • 
lator device is in general an electrically operated mechanical shutter of 
which there are many types. It controls the light from a constant light 
source in such a manner that the amount of light falling upon a con¬ 
tinuously moving recording film varies from instant to instant in 
proportion to the signal given to the modulator. The film thus receives ’ 
a varying exposure which is in practically strict proportion to the 
original sound wave. In the ladder-like striations which appear on a 
variable density film record, the degree of density or film transmission 
change is a measure of loudness, while the length or duration of the 
striatioQ Is a function of frequency. With the film moving at a velodty 
of 90 feet per minute^ 18 inches per secood^each cycle of a 1,000-cycle 
wave on the film is eighteen one-tl»usaDdibs of an inch long, whereas 
a 6,000-cycle wave obviously is but one-sixth of this length. The 
variable area strlation expresses relative loudness in terms of varying 
width on the sound track—again a variation of transmission. The 
stria Hon dura Hod or length muse, of course, be the same as for variable 
density. Suitable chemical processing of this negative film record, that 
is, development and printing in much the same manner as ^or any 
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photograph, pcodotts a po$icive film record capable of reproducing the 
sigaal source. This record may be reproduced ae any time, and, com¬ 
bined on a single film with the picture to which it applies, may be used 
for theatre projection. 

7. REPRODUCTION 

Reproduction is a further series of energy traueformacions. The 
first seep is optical and ekccdcal. A fixed light source is focused to a 
sharp line on the film record while the latter is moving in frost of a 
photo-electric cell. The cell thus sees varying amounts of light ihcoagh 
the moving film record‘and has the important function of translating 
them into corresponding electrical variations. Once more the signal 
energy is in electrical form which can again be amplified to the desired 
degree and led into specialixed types of the conventional loud-speaker. 

The loud-speaker has an electrically operated diaphragm, coupled 
Co the air through some form of horn or projector. The diaphragm is 
actuated by the amplified electrical energy from the photo-elecrric cell, 
and in vibrating mechanically produces in the air a series of pressure 
variations. If the process has been carefully carried out we are back* 
where ve started. These pressure variations will be accurate counter¬ 
parts of those which emanated from the original source and the listener 
will hear sound which is a virtual copy of the original and which can 
be played at any requited or desirable volume. 

To recapitulate, the sevetal steps in the process and the energy 
rransforzoations or translations are as follows: 


I 


■ 2. 

Source. 

. . . . Acoustic 

2. 

Air Medium. 

. - Air Pressure 

3. 

Microphone Diaphragm . 

. . . Mechanical 

4. 

Microphone Output . 

. Electrical 

5, 

Amplification 


6. 

Modulator. 

. Mechanical 

7. 

Optical System .... 

.Light 

L 8. 
r 9. 

Film—Negative Record | 
Film ■ Positive Record [ 

. . Pbotocbemtcal 

10. 

Optical System .... 

.Light 

11. 

P^o-electtic Cell . . 

. . . Electrical 

22. 

Amplification 


13. 

Loud-speaker Diaphragm . 

. . . Mechanical 

14. 

Loud-speaker'Ontput . . 

. . . Air Pressure 

15. 

Eat. 

. . . . Acoustic 


The sound man Is concerned with each of these tranebtionj. their 
ifitec-rebtions and the technical limstatioos and capabilities of each. 
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Acoustics, frequency response, harmonic production, phase shift, reso* 
nance, power capacity, acoustic efiicieocy. film characteristics. optics^^U 
of cbese and many more play their parts in the process and must be 
controlled. Electrical circuits, amplifiers. phoco*electric cells. Alters, 
equalizers, attenuation and transmission elements must continually be 
combined and employed most effectively for the particular end in virw. 
The sound man must be intimately familiar with the operating piln' 
eiples and available types of microphones, ampliffers. modulating de¬ 
vices. photographic processes, loud*speakers, and the mechanical f im 
recorders and reproducers. His success depends upon his abilit]' to 
properly handle these various cools and to direct their uses in the )e8t 
way to secure the result which is desired for the final product. It u* the 
hope that the later chapters of this volume may be of benefit in securing 
a better uodecstandlng of these tools, and of the recording and reprodnc- 
don problem as a whole and in detail. 



Chapter II 

THE NATURE OF SOUND 

By L. E. CLARK 


1. INTRODUCTION 

lo sound motion pictures, dialogue, sound effects and musical 
sequences mast be picked up and recorded tc some permanent man' 
ner so that later they may be reproduced in the theatre. Since the re* 
cording equipment must be acted upon by the sound, its operation 
depends upon the physical nature of sound, and upon how the sound 
behaves between the time it leaves its source and the time it arrives at 
the receiver. Likewise, the reproducing equipment must be cbe new 
source of sound, and what the auditor bears depends upon this physical 
natute of sound. 

Therefore, it is proposed to discuss and describe some of the 
fundamental chatacceristics of sound so that application of these 
properties can be made in later chapters. To be able to do this we must 
nnderstand how sound behaves: that is. bow it is transmitted from 
place to place, bow it is reflected, absorbed, refracted, and diffracted, and 
wbat effect it has upon the ear. All these things must be known so that 
they can he used in delivering to the auditor sound of the same quality 
that he would enjoy were be present at the original performance. 

2. ORIGIN OF SOUND 

In order to describe these fundamental characteristics of sound 
it is first necessary to define sound itself. A very good, easily ce* 
membered definition is that sound is a tompt^ssioncl vjwt motion 
in an flasiic medium. The American Standards Association defines 
sound as "an aftemprion cn pressure, particU displacemenf, or pat’ 
tide velocity, propagated irt an elastic meterial or the superposttion 
of such propagated aiiemations. It is also the sensation produced 
through the ear by these altemaiicns/' 

Sound is generated by a vibrating body. If a bell or a toning 
fork is struck, it is set into vibration: these vibrations are ttaDsferred 
to the surrounding medium (sir in the usnal case). which In turn 
transmits them to the receive: (ear dmm. microphone, ate.). Sound 
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may also be generated by vibradog aii coIdoios. as m orgaa pipes or 
the bnmaa voice, and by vibracing stcings. tn Cbe case of stringed 
instraiDencs« the strings chenuelves transfer very little vibration to 
the aiir but instead vibrate a sounding beard or body of tbe instm- 
menr which transfers much more vibration to the air. In order to 
tcansfet enough vibration to tbe air for the sound to be audible, it is 
necessary that a considerable area of the vibrating body be in contact 
with tbe air. In general, a^y vibrating body, solid or fluid, will generate 
soDcid, but some medium is necessary to transmit the sound to the 
listener. A bell, ringii^ in an evacuated bell jar, cannot be beard. 
altboDgb the clapper can be seen to be vibrating. As soon as air is 
allowed Co enter tbe jac the bell can be heard. 

3. SOUND WAVES 

As the vibrating body moves forward, the air immediately in 
front is compressed and tbe pressure thus built up is relieved by tbe 
wave of compression moving outward. As the vibrating body moves 
back, the air is raiefled, and this wave of rarefaction moves outward 
behind tbe wave of compression. Since tbe vibrating body executes tb i 
motion periodically, there will be a train of alternate compressions and 
rarefactions travelling rapidly away from the body. If tbe ale 
examined at any given instant of time there will be found, assuming 


i j 1 ^ f ^ 1 

1 1 1 1 
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a simple sine wave of vibraclon, a series of compressions and rarefactions 
equally spaced along the direction of travel. Tbe distance between 
compressions, or rarefactions, or tbe corresponding points of any two 
successive waves is known as the wave length, which Is designated by 
' A." The number of complete vibrations that the body makes in one 
second is known as the frequency of vibration. Since tbe body U vibrat* 
Ing with a h^eqnency of "f" cycles per second, it will send oat f waves 
during a second, and as each wave has a length of A, tbe sound travels 
over a distance of fA in one second. The distance traveled In one 
second is the velocity. Therefore, tbe relation between velocity, fre¬ 
quency and wave length is, 

C = fA 


where C us velocity of sound. 


( 1 ) 
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This space picture of the sound wave may be expressed by the 
equation: 

( 2 ) 

where p =instantaneom pressure above static atmospheric pressure 

Pjf = maximum instantaneous pressure, or ibe pressure 
amplitude. 

X = the disranct from a reference p(»nc 



If at any one point the air be examined over a period of time, 
it will be found to undergo periodic compressions and racefactions as 
the sound passes by. The time between successive compressions is 
called the periods "T," and b the reciprocal of the frequency, that is. 

T = j- (3) 

The time picture of the second wave is given by: 

p = P^cos«r = ^ircos2 rft = Pg cos 2 t (4) 

where t = time measured from a reference point 
• s 2 T f 

If these two pictures are now combined, the complete space-time 
picture of the wave can be given by: 

p=sPirC0s2» Y^sPjtCOsA (Cf - X) (5) 

This is strictly true only for plane waves, some modi£cadon being 
necessary for spherical and other types of waves. 

The sound pressore, “p.” is usually measured ia dynes per square 
centimeter. An idea of the magnitude of a dyne can be had from cbc 
fact chat a mass of one gram weighs 961 dynes. Normal static atmos¬ 
pheric pressure (14.71bs./sq. in.) is of the order of 1.013.000 dynes 
per square centuiecer. Ordinary sound pressures range from a fraction 
of one dyne to several dynes per sqoare centimeter, the threshold of a 
normal ear being taken as 0.000204 dynes per square centimeter at 
1. 000 c.p.s. Very intense sounds will have pressnres of 100 oc 200 
dynes per square ceatimeter. It is seen, then, that the range of pressures 
in ordinary son ads is very great, of the order of 10’ to 1. or 120 db. and 
yet this variatiM in pressure is very small compared to ordinary atmos- 
^leric pressure. The face diat these low level sounds can be heard ia due 
to the remarkably high senstrivity of ear. 


p = Ptf cos (—AX) — P|, cos 


( 
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4 . VELOCITY -OF SOUND 

Sound tMTels away from its source with a velodcy that depends 
upon the medium which i$ carrying the sound wave. The heavier the 
particles of the medium or the denser the medium, the more slowly 
will the wave travel, and the less compliaot or more elastic the medium, 
the faster will the wave travel. The velocity is related Co these char¬ 
acteristics of the medium by the equation, 

C = -\lj (6) 

where E = elasticiry 

t= density 

For air at 0® C, E 1,400.000 dyaes/sq. cm. 

p =s 0.001293 gcams/c.c. 

C = 33,100 cm./sec. or 1, Ofi 0 ft ./sec. 

The velocity of sound in some of the more common materials given 
below: 

air (15® C). 1,120 ft./sec. 

water (15® C). 4.700 ft./sec. 

steel.26,500 ft./sec. 

brick. 12.000 ft./sec. 

Because the elasticity and derisicy vary with temperature, the ve* 
locity will also vary with temperature. The velocity of sound, however* 
is not dependent upon the frequency over the range of frequencies g:en' 
erally referred to as audible sound. It is nor dependent upon the intensity 
except for very high intensity sooads. such as a chooderclap, in which 
case there is some increase in velocity. 

5. REFLECTION OF SOUND 

When sound rraveling in one medium encounters a change in 
that medium or encounters another medium (soch as water, colder air, 
or a solid object), which is large compared to the wave length of the 
sound, it is partially reflected back into the first medium, and partially 
transmitted by. and absorbed in, the second medium. The same law of 
reflection applies as in the case of the specular reflection of light, i.e., ihs 
angle ^ tncidence ii equal ro the angle of reflecrion. In Figure 2, 
sound traveling in the direction AD, strikes the boundary of the two 
media, OO'. at an angle of incidence ADC and U partially reflected is the 
direction DB, at an angle of reflection CD5 equal to ADC. Tht relative 
amount of energy reflected dependsupon the densities of the two media, 
and upon the velocity of sound in them. The ratio of intensiey, or 
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energy, of the reflected sound co that at the incident iound, U the acotistic 
reflectivity, ”r." '* 

Tbe energy not reflected is transmitted by the second medium or 
absorbed in it. In the use of acoustical materials for sound absorption, 
which will be referred co later, we are interested in how much of the 
sound energy will be removed from tbe room. Since this represents all 


FtsuH 2. 



the energy e^ccepc that which is reflected, the acoustic absorptivity is de¬ 
fined as one miaos the acoustic reflectivity, that is. a = I — r. 


For reflection Co take place, however, it is necessary chat tbe reflect- 
iag surface be Iarge-~ac least several wave lengths—in comparison with 
the wave length of the sound. If tbe surface is smaller than this, 
a phenomenon known as dilTrsction begins to become effective and it is 
impossible to locate the reflected sound by tbe laws of reflection. 


6. REFRACTION OF SOUND 

Referring again to Figure 2, the sound wave in tbe second 
medium travels in a direction different from that of the inddent sound. 
This phenomenon, which is called refraction, Is due to tbe difl^erence iu 
the velocity of sound la the two media. As the velodty is less is the 
second medium, the edge of tbe wave slows up when it enters this 
medium. Tbe part of the wave remaining in ibe first medium is sdll 
traveling with its initial velocity and as a consequence there is a shift in 
tbe direction of travel from AD to DF. If C is the velodty in tbe 
medium and C chat in the second medium, then 


sin /ADC C 
sin /AF0 ^ 


Tbe effect of refraction is most often observed when it is due to tbe 
existence of layers of air at different cemperstures, such as cool air over 
a warm body of water in the evening. 
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7. DIFFRACTION 

Diffraction u the bending of sound wavee around an obstacle. If 
a window i$ opened only slightly, the entire room will be filled with 
any sound present on the outside. However, sunlight coining through 
the window, instead of spreadiog throughout the room, will cast a 
sharp shadow. If the edge of the light shadow is closely examined, 
diffraction would also be found, but on a much smaller scale than In 
the case of the sound wave. 

This difference in the amount of diffraction present in the two 
cases is due to the different wave lengths of light and sound; sound 
waves being several feet in length and light waves being some twenty 
millionths of an inch in.length. 

Difftaction effects can be thought of as existing in a narrow region, 
only a wave length or so in extent, at the edge of the wave. Thus, when a 
sound wave passes by a large obstacle, such as a building, most of 
the energy goes straight on and only a small part is diffracted into 
the shadow caused by the building. However, when sound strikes 
a window which is open but a few inches (only a fraction of a wave 
length), the sound spreads out as if coming from a point source. 
Since most objects around us are only several wave lengths tn size, we are 
aaustomed to diffraction effects and usually do not give a second 
thought to the fact that we often listen to sounds whose source we 
cannot see. 

6. INTERFERENCE 

‘When two waves of the same frequency combine, they give rise to 
an effect known as interference. .At points where the two waves execute 
their vibrations in-phase, the maximum pressure will be the sum of 
the pressures in the individual waves, while at points where the vibra- 
tions are 180^ out-of*phase, the resultant pressure will be the differ- 
ence in the two pressures. The sound will, therefore, be re-enforced 
at some points and destroyed at others, giving an irregular distribution 
of sound energy. Interference un be caused by waves coming from 
more than one source or by the combination of the direct and reflected 
sound from a single source. This commonly happens in theatres and 
studios, and accounts for the dead spots often encountered at certain 
frequencies. The interference pattern can easily be detected by establish¬ 
ing a pure tone in a room and then listening to the tone at various 
points in the room. 

9. ARCHITECTURAL ACOUSTICS 

The acoustics of the recording studio and theatre ace of great 
importance because these rooms constitute two links in the diain from 
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the original source (throu^ the recording and reproducing equipmeac), 
to the auditor, and any disrortion originating in these rooms will be 
passed on to the listener. While modem science and technical advance- 
went ha« made possible recording and reproducing systems that intro- 
ri^igible distortion into the sound, there is still opportunity for 
disfortioli to enter between the source and the microphone and between 
ioud-epeaker and auditor. A listener in a room seldom bears sounds tha t 
have not been changed in character in some manner tn route to him The 
vanops frequency components of the sound will be acted upon differ- 
.ently by the same absorbing materials in the room, the low frequencies 
usually bejng absorbed less tha a the high frequencies. 


Some surfaces are of such size that they will reflect the high bur 
not the low-frequency sound, the laiter being diffracted around the 
surface. Ofttn. therefore, a tooro may be very dead arsome frequencies 
and very live at others, while at still other frequencies there may be 
detrimental echoes. In addition to distortion produced in this manner, 
the studio or theatre may be resonant at certain frequencies, or the 
structure may vibrate. 


These are eiumples of distortion known as frequency distortion, in 
which the different frequency components are not all acted upon ia like 
inanrier. There 1$ also a type of distortion known as oon-lioear dis¬ 
tortion. which is caused by failure of a system to respond in a propor¬ 
tionate amonnt for different inputs. This distortion, negligible for all 
but very intense sounds, is present in the air at all times because air fol¬ 
lows the action of a gas under pressute- 


As a result of the effects of serious distortion, sound usually becomea 
unnatnral. hollow or unintelligible. 


When an observer listens to a source of sound in the open, he bears 
only the direct sound, and as he moves away from the source the io- 
tensicr of the sound falls off with the square of the discaoce. If. however, 
be listens to tbe sound in a room, the iocensiry does nor decatane as 
rapidly as be moves away; in fact, it decreases vety irtegolacly and at 
rimes may even increase because of the icterfecence pattern of the ea- 
closuie. This occurs because be is receiving ooc ooly the direct loond 
but sound that has been once, or twice, or even many times, reflected 
from tbe surfaces of the room. To consider the matter from another 
point of view, when the sound energy is once introduced into so en¬ 
closed space, it remains there until used up or dissipated in some xnasaec. 
Some energy Is used up at each reflection and so the total is constantly 
decreasing. 
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The time requited for the ^ound in any enclosure co die away to one* 
milliontb of its initial intensity* oi over a 60 db range, is known as the 
reverberation period of that enelosare, and depends upon the volume of 
the enclosQce and upon the amount of absorbing material within ir. 
The energy is used up by any materials that absorb sound which may 
be in the enclosure, and in ihe clothing of persons in the room—very 
little of it being dissipated by transmission through the air. 

The sound reaching an auditor In the room consists of the direct 
sound, the first few beneficial retections coming from surfaces neat 
the source, and reverberant aound If a reflecting surface is large and 
some dbtance from the original source, the reflected sound will arrive 
suflicienily later to be recognized as a distinct repetition. This Is called 
an echo. If the reflected sound arrives 1/20 of a second later than the 
direct sound, there will be a noticeable echo. The leverbecant sound 1$ 
due to the many repeated reflections from rhe snrfaces of rhe room, and 
is very detrimental to the perception, causingahanging overand general 
jumbling of the sound. lu the case of speech, one syllable may be still 
reverberating in the room when the next one is spoken, making the 
spoken words unintelligible. The reverberant sound must be reduced 
If the room Is to be satisfactory for speech or music, and for this reason, 
auditoriums, theatres and ocher similar places must befitted with sound 
absorbing materials that reduce the reverberation time to a satisfactory 
value. The optimum reverberation time depends upon the volume of 
the room, upon the purpose foe which the room is to be used, and upon 
the frequency of the sound. Figure 94 shows the optimum reverbera* 
tlon time for theatres of diHerent size, and Figure 95 shows how this 
lime should vary with frequency for any one room.* 

Moving picture auditoriums should be somewhat less reverberant 
than the average auditorium of the same size because the sound originates 
from the reproducing system, which has ample power, and it Is not 
neossaxy to rely upon reverberant sound to build up the loudness. 
Then, too, some reveeberadon is recorded and this increases the effective 
reverberation In the theatre. Theatres should be designed so that there 
are no reflecting surfaces to cause echoes, and no curved surfaces to cause 
concentrations of sound or dead spots in the house. 

In general, recording studios should be even less reverberant than 
theatres of the same size. This Is necessary because the sound Is picked 
up with a microphone and the effect is that of listening with one ear. 
This greatly increases the apparent reverberation time and the difficulty 
of making the direct sound stand out above the reflected sound. The 
ratio of direct to reverberant sound is of great imporunce to cecoidlng 
engineers because upon it depends the quality of the recorded sound. If 
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this ratio is too low. the sound seems reverberant, and if too high, 
the sonnd seems h/eless. 

One exception to the above statement is in studio sound stages used 
foe music recording. In this case a higher reverberation time—compared 
to chat used for dialogue recording—is desirable to reduce the masking 
effect of music over dialogue. 

In the presentation of a motion picture it is desirable to have the 
magnitude of the sound comparable to the comparative si 2 e of the 
actors in difTereot scenes. That is. the audience expects to hear dia¬ 
logue considerably louder when it is associated with a cIose*up or 
medium shot than in a long shot, or if the person were actually on the 
stage. For the same reason, sound effects must be exaggerated in like 
manner. This increase la loudness with respect to the original in- 
teosity is. in many cases, greater than 10 db. Because of the shift in 
characteristic with loudness (see Figure 4). careful control of all 
these factors is necessary in order that the reproduced sound seem 
natural, even though it may be louder than the original. 

10. PERCEPTION OF SOUND 

We are interested In the nature of sound and its effect upon the ear 
because ul timatel y sound is to be 1 istened to, a ad what is perceived by rbe 
brain will therefore depend upon the behavior of the ear. Many exten¬ 
sive fundamental iavescigacions have been carried our in chU respect by 
Dr. Harvey Fletcher of the Bell Telephone Laboratories, with the result 
that our understanding of the process of hearing is very much advanced 
over that of a few years ago. 

The three physical characteristics of sound are: Frequency, intensity 
and overtone content. Frequency, as previously mentioned, is the 
number of vibrations made in one second. The intensity is propor¬ 
tional to the amount of energy in the sound wave, and the over¬ 
tone content U a function of the number, magnitude and phase of fre¬ 
quencies ocher chan the fundamental. Most sounds are not pore tones, 
but are complex waves consisting of a fundamental cone (osublisb- 
ing the waves on the musical scale), and a Dumber of componcacs of 
higher frequencies. These latter constitute the overtones. A violin and 
a comer, both playing middle C. sound difierent because the overtoon 
arc sot the same for each instrument. 

The ear does not respond uniformly to all frequencies, but is more 
sensitive to frequencies of about 1,000 c.p s. (This is a form oi fre¬ 
quency distortion, which is present whether direct or r^roduced sound 
is u&^r consideration.) The ear is able to reload to fmquenciee 
ranging from 20 to 20.000 c.p.s. Figure 3 shows the area of bear** 
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jng of an average ear. Tbe lower line is known as the threshold of 
audibility and shows tbe minimum pressure ac each frequency that 
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Fif un 3 — Rmibc du« oo tbe lisiu of AudibEity. 

will cause a sepsation of sonad. Tbe upper line is known as the thresh¬ 
old of feeling and shows tbe pressure, at each frequency, that will give 
rise to a sensation of pain. Any sound whose pressore and frequency fall 
within tbe area bounded by tbe lines will cause tbe sensation of sound. 

There are three physiological cbaraccertstics of sound wblcb ap- 
prozimacely correspond to the three physical characteristics named 
above; namely, pitch, londoess. and qualify. Pitch has been used Inter¬ 
changeably with frequency, but recent measurements indicate that the 
sensation of pitch also depends to a slight degree on the intensity and 
overtone structure. Tbe loudness of a sound is approximately equal 
to tbe logarithm of tbe iorensity. and is so defined for 1,000 c.p.s. De¬ 
partures at odser frequencies, especially tbe lows, are considerable and 
tbe definition should not be taken too literally for frequencies other than 
1,000 c.p.s. Figure A shows contours of equal loudness obtained by 
jotting, on tbe hearing area of Figure 3. the locus of all points which 
a large number of observers indicated were of equal londness. It will be 
noticed that these contours are not equally spaced but generaliy con¬ 
verge toward the low-frequency end. This is the cause of tbe change 
in quality of reproduced sound when the volume level is changed. 
For example; Consider a system carrying two pure tones of equal 
loudness, say 1.000 c.p.s. and 100 c.p.s. and let tbe 1,000 cycle 
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tone have an inteiuicy level of + $0 db. Then, reference to Figure 
4 $how$ that the equally loud IDO cycle cone baa an intennty level 
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Fi^et 4 — Loo^mu level eootovrt. 

of ^ S3 db. If the system gain is now lowered 40 db« cbe Inceoacy 
of the 1,000 cycle tone is + 40 and that of th£ 100 cycle tone is + 43. 
Again referring to Figure 4. it is seen that the two tones are no longer 
of equal loudness, there being an apparent 20 db difference between the 
two. Tbe balance is therefore completely destroyed as the sensation 
received by cbe brain is entirely deficient in its low-frequency tone. 

lovestigaciojis have shown cbac high frequencies, that is, freqnodes 
above 1,000 c.p.s., are necessary foe the intelligibility of speech, Tbcy 
also give brilliance to the sound. Tbe low and bass freqnendes are 
necessary to retain a material quality to voice and music, and in addition 
give "presence" to the scene on the screen. 

The ear is also subject to non*linear distortion at bigh-inCeaacy 
levelf. its mechanism being unable to respond faithfully to very intense 
sounds. It is never possible Co listen to undiscorted sound as we cannot 
dispense with the ear between tbe sound and tbe brain, In view of tbe 
fact that tbe ear will respond to pressure changes of over a miJUonfold. 
and to frequencies over a range of 10 octaves, it must be considered to be 
a well designed meebanism. 

The effect of age upon tbe bearing ability of tbe ear is ebown in 
Cbe table below, which indicates that, with age. tbe ear loses its tensi* 
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civicy CO the high frequencies—the effect lessening ss the frequency 
decreases. 


DB Loss in Hearing with Age 


FregutrKg 

60 to 10Z4 
Cy<ltt 

Z04S 

Cgcltt 

4096 

Qg<let 

SI92 

Cyclts 

Ages 20-29 (96 ears) • 

... 0 

0 

6 

6 

Ages 30-39 (162 ears) 

... 0 

0 

16 

11 

Ages 40-49 (84 ears) • 

... 0 

2 

18 

16 

Ages 50-59 (28 ears) • 

... 0 

5 

30 

32 


It is not generally recognized that natural sound vbich we heat 
always emanates from its proper source* whereas in artificial ceproduc' 
tion we osually hear sounds which do not emanate from their original 
source. That is. in a motion picture reproduction, all sound originates 
from a fixed source—the speaker system. This sound includes both the 
sound which seems to originate from all portions of the screen, as well as 
sound that has its apparent source off the screen. As a consequence of 
this unnatural source of sound, the many factors affecting the relative 
loudness of the various reproduced sounds must be carefully controlled. 
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Chapter III 

TYPES OF FILM RECORDING 

Bv L. E. CLARK and JOHN K. HILLIARD 

1. RECORDING MEDIA 

Sound recorded for motion ^ctures is of two gentral cypts. (1) 
sound-on-disc, and (2) soujid-on-film. Ac tIm present cimr practically 
ail commercial releases (in the United States) are on film, discs being 
used only within studios for sound playbacks, cueing, etc. 

Because of the very limited use of disc recording at the present time, 
only the recording of sound on film will be discussed in this book. 

2. TYPES OF FILM RECORDS 

There are today two types of sound-on-film recording in genetal 
use; (1) "Variable Area,” and (2) "Variable Density." 



Figore 5*A— Example of a tmrU'fre^ueac? varuUe ana ncotiEBr. 



^Cmuff ACA VWMorte* C*. 

Figure J-B —Eumple of a rrpical variable area neoidieg. 



JbCTrW J(M4«rm /iWm. !•<. 

Fiaore 6 — Example bf tjpiaJ TeriaUe dcaricr recordiag. 


In the former type, the record consists ot a clear or transparent area 
adjoining an area of uniform density, the dividing line between cbe 
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two anas outlioiag the wave form of ihe recorded sigaal. The variable 
density record consists of transverse parallel stria dons of varying 
density^varying according to the frequency of the recorded signal. 

These two types of records may be secured in a variety of ways, but 
the main distinction between the two is that in one type the area varies 
while in the other the density varies. 

Figure 5-A shows an example of a single envelope variable area 
recording of a simple tone, while Figure 5'B is a variable area record¬ 
ing of a typical complicated signal. Figure 6 is an example of a variable 
density recording. 

3. METHODS OF RECORDING 

In the variable area type of recording only one method is employed 
for varying the exposure of the film, that is, a beam of light of constant 
intensity is caused to vary in its kagth. 

In the variable density method, the slit through which the light 
strikes the film may be held constant and the intensity of the light source 
varied, or the intensity of the light may be held constant and the slit 
width varied. 

(n) The Aeoligbt System 

This was the first commercial sound-on-film system in use in the 
studios and gives a variable density record by varying the intensity 
of a recording light according to the signal, the light striking the film 
through a slit of constant width (0.001"), positiontd between the 
lamp and the film, which passes the slit at a constant speed. 

The aeo-lamp is a gaseous discharge tube, consisting of a nickel 
anode and a looped filament, designed to give a fairly intense beam of 
light at the '‘no-signal'’ level, 
accomplished by the use of a 
direct-cDtrent bias as illustrated 
in Figore 7. The value of the 
bias varies from 250 to 400 
volts. 

The lamp circuit shown ia 
connected to the output of the 
bridging amplifier, the altecoat- 
ing signal componenc causing 
a variation in the bias voltage 
across the lamp and a conse¬ 
quent variation in its Intensity. 



PigBft 1 — Schematic omit o/ x 
vetbble deodtj recoidlag modolator 
when ibe lai&p inteaaicy li variable. 
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Figure 8 <bowfi the rebcion between the light inteneitf and the 
voltage. The biaa value should b« such that the no-sigcal intensity 
falls in the center of the straight line portion of the carve, while the 
maximom alternating'current variation, 
either plus or minus, must also be within 
the straight line portion, or distortion will 
result. 

This method of producing variable 
density records has been superseded in the 
studios by rhe variable si it'width mechod. 

(b) Variable Density Recording 

Recording by the variable density 
method is also accotuplished by means of a 
lamp of constant intensity, the light from 
which Is focused by means of a lens on a 
slit. This slic varies in width according to 
the electrical intensity of the signal to be 
recorded, and so varies the amount of trans* 
mitted light in proportion to the electrical 
impulses. Such a light modulator is called a "Light Valve." The 
craosmlited light is in turn focused upon the film by means of a sec¬ 
ond lens system. 

A current carrying conductor, when placed in a magnedc field, is 
subjected to a force proportional to changes la the cunenc passing 
through the conductor. If free to move, the conductor will move a 
distance proportional to the change in. and the direction governed by, 
the flow of current. Light valves operate on this prbd(^. 

A conductor, placed in a magnetic field and cartylng a carreat. 
would tend to bow if the ends of this conduccoc were fixed. The cenm 
section of this conductor, if the conductoc's length is great compared to 
its aoss'section, would foe all pracdcal purposes, move parallel to itaelf 
as shown in Figure 9 . In commercial appIicatioA of this prindtde to 
the recording li^t valve, two ribbons are used, as shown in Hguce 10. 

The light valve ribbon as formed of two stripe of doralurninum, 
0.0005'' by 0.006". spaced 0.001" apart The ribbon has a namral 
" frequency of its own. depending upon ita teosioa and length, and Is 
consequently tuned for a frequency above the bigheac frequency to be 
recorded, which In commercial practice is always above 8,500 cydes. 
Tuning is accomplished in exactly ibe same way a violin string is cuned. 
by changing the tension on the ribbon. The current fiows in opposite 
directions in eads of the ribbons of the valve, resulting in ao opening 



v^iaiAa voLT,^ 
'^■MINIMUW VOLTAOn 
Vg a MAX IUUU'VOLTAGE 

Fifure a — Carte ibov* 
ing the relation between light 
iateafiCT end uapitaod v^t- 
age of an An*lea(. 
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and closing of cbc ap^itore between the ribbons when subjected to a 
signal current. 

Originally, the two ribbons were mounted in the same horizontal 
plane. As previously mentioned* excessive modulation causes the rib' 


Figure 9 —DUgtam ahowiQg tfae lighi »ilve opcranog 

principle. 

bens to ''clash" or strike each ocher. A valve so mounted is called a 
mono-planar valve. 

In 3 more recently designed valve, called the bt-planar valve, the 
two ribbons are mounted, spaced one*balf to two mils, one above the 
ocher, and vibrate in two parallel planes. This eliminates the possi' 
bility of the two ribbons striking together at periods of excessive modn- 
lacion. resulting in the valve remaining in better mechanical condition, 
throughout its life. 













TYPbS OP FILM RECOR&JNG 


27 


ihows it Co be ragged as well u efficient. However, care znusc be exec* 
cised in its use. and roucintf checks and adjastments made periodically. 
Azimuth adjusimenta cnuat be particularly made. i.e.. the horizoacal 
plane of the valve must be perpendicular to the directtoa of film move* 
meoc. Focal adjustments must be maintained aa ic is necessary co 
photograph the ribbon movements as accurately as possible. "Hys¬ 
teresis.” or the failure of the ribbons to return to their original position, 
may be minimized by increasing the tension, but recently designed 
valves are practically free of trouble from this source. 

Overload and clash of the two ribbons, which result in distortion 
of the wave form, should be avoided. These effects occur when the 
ribbons modulate beyond the foil or zero modulation position, which 
produces either a cutting off of the wave top or an actual clash of the 
ribbons. 

Another source of possible rcouble U that of “ribbon*velocity.” 
This is due to the fact that one ribbon when opening and the other 
ribbon when closing, are traveling in tbe same direction as the film when 
it is passing the valve. The effective exposure recorded on the film is 
not only dependent upon the light fiux. or intensity, but also upon 
the time a given point on the film requires to pass through the slit image: 
chat is. tbe exposure depends upon the product of light intensity and 
time. Ac low frequencies this effect is negligible, as the velocity of tbe 
ribbon is small compared to chat of tbe film (normally 90^ pet minute), 
but at higher frequencies the two velocities become comparable and loss 
of volume as well as distortion in wave shape results. 

Variable density recording can also be secured by tbe use of a 
galvanometer and a penumbra in the optical system shown in Figure 
11. This is the optical system normally employed for variable area 
recording with a galvanometer. 

(c) Variable Area Recording 

Fundamentally, this system consists of a concentraud lamp, an 
image of whose filament is focused upon a galvaaometer mirror, from 
which tbe light is reflected and imaged upon a slit of consunc width. 
Tbe signal currents cause a rotation of the galvanometer mirror allow* 
ing either more or less of the slit to be Illaminaced, and thus is photo* 
graphed a sound track of variable area, or width, but of constant density. 
The mean, oc "no-signal” position, exposes one*half tbe spund track 
variations in the signal current causng a movement of tbe light beam 
either way from this mean position. 
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With this method a more complex optical system u necessary than 
foe the variable density method. 

Pi^re i 1 shows such aq optical system. 



-^nm IS* 9/ rJtf SJT^S'. SifC*«»K. I fit. "rs« 

Jtca cW /ci T^f** 

pt TmJ." a Z. Dmnkh. 


Fiar&re 11 — ScbcxiuHc of a vanable area recorder. 


The dii^eceoc types of cracks, discussed la the chapter on "Noise 
Redoctioo/’ may be produced by varying the type of aperture used. 
Single envelope variable area track as shown in Figure 5'B. which was 
the first used, employs an 
aperture with a rectangular 
opening, which at no-ngnal 
level is imaged upon the slit 
as shown in Figure 12 (ac> 
complishcd by proper bias 
on the galvanometer). The 
incoming signal will then 
vary the position of the mask image upon the slit in proportion to its 
strength, resuitiiig in an oscillograph record which is opaque on one 
side and transparent on the other in contrast to the usual oscillogram 
which shows only as a line on the film record. 

The first variable area recording system employed an oscillograph 
consisting of a pair of fine wires to wbidt the minor was clamped. These 
wires were placed between the pole faces of a magnet and operated very • 
similarly to the ribbons of a light valve. The complete assembly waa« 
imaitfsed in oil to provide adeqsate damping. Later galvanometers ac^ 
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of cb« movsag iron type in wbicb the armattire canses the galvaaometer 
minor to vibrate throQgb a simple mechanical link. These galva* 
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damped asd wi(b btu eoadciuet (fall corre). 

nometers are air damped, tuned to approximately 9.500 cycles, and arc 
not critical to temperarure changes. 

The response with frequency of a modern galvanometer is shown 
in Figure 13. 

The dotted line curve gives the response with no bias condenser in 
the circuit. The droop occnts in the hi^'frequency range is 
caused by the inductance of the modulation winding. Earlier types of 
galvanometers obtained their damping by having the unit immersed 
in oil. Practical difficulties, however, led to the development of a damp* 
ing assembly made of tnngsteQ'loaded rubber which reduced the 
resonant peak at 9,000 cycles from about 12 db to about 3 db. Both the 
droop and peak shown in the dotted curve can be overcome and the 
freqaeocy characteristic Improved by placing a condenser across the bias 
winding to neutralize the Inductive reactance. The effect of the bias 
capacitoc upon the galvanometer response is shown by the full line curve 
in Figure 13. 

With the variable area system certain care is required to obtain 
opdmtus cesulcs. Obviously, if the galvanometer is ovec-modulated, 
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th« peaks of the signal «iJI be cat off and distortion will results while 
azimuth and focal errois. hysteresis, etc., must be minimized by correct 
design and adjustment of the galvanometer and lens system. 


4. SLIT WIDTH 

The physical wid ch of the $1 it pla ys an imporra nr pact in the qua lity 
of the resultant recorded sound, especially in the bigh'frequency band. 



Fifarc 14'A. FijQW 14*B. 


Assume that a wave is to be recorded whose length is live times the 
slit width. One edge of the slit starts at the point A and the other edge 
at B as shown in Figure 14'A. with a resulting track as shown in 
Figure 14-B. It will be noticed that in one case the peak of the wave is 
lost and in the other accentuated —but in both Mses distorted. 

For this reason, the slit must be narrow in relation to the highest 
frequency to be recorded. 

At 90 feet per minute the film travels 1S,00D mils (1 mil = 
0.001") per second, and a 9.000 cycle wave, for instance, would be two 
mils long. If a slit width of 1 mil is assumed, it can be seen that the 





\ / 

Figure 15-B- 






slit width equals one*half the wave length. A study of Figure 13 
shows that one'ha If of the wave is lost, chat Che other half is distorted, 
and the iotensitr changed. 
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Figare 15*A shows the iDovement o( the top edge of (he recocdtdg 
b«am in relation to the long dimension of cheslir. that U, in this draw¬ 
ing the light beam is shown moving in a vertical direction and ihe film 
in a horizontal direction coward the right. The input signal shown by 
the dotted line curve in Figure 15-B, is a sine wave of 9,000 c.p.s. 
The resultant recorded signal, shown by the full line curve in Figure 
15-B, is the envelope of the area scanned by the recording beam, and 
shows the effect of slit width on intensity and wave form. With a slit 
width of 2 mils the response from a 9,000 cycle wave would be zero. 

However, the lower limit of slit width is determined by other con¬ 
siderations, principally the difliculty of securing sufficient light to 
properly expose the film when very narrow slits are employed. The 
usual practice in the case of variable density is to employ an effective 
slit of H ^nd in the case of variable area an effective silt of approxi¬ 
mately 2/10 mil. The physical slit itself in both cases is actually con* 
sidecably wider than these figures indicate, bat is reduced by optical 
means. 

5. NEW RECORDING METHODS 

The constant quest by the sound departments of all the studios 
for a practical system of increased noise reduction which does not 
penalize recording methods or the quality of recorded sound, has led 
to refinements in the systems discussed above a$ well as to new record* 
ing techniques. 

(a) Pash*pall Recording 

Sound which is to accompany motion pictures must be reprodoced 
with the highest possible accuracy in order that the picture give the 
greatest possible illusion of lealiiy. In viewing a motion picmcc, the 
audience is stimulated to a specific sound expecuncy not necessarUy 
present in (he radio and phonograph. 

In order to approach the ideal illusion of reality it Is necessary due 
the recording and reproducing systems have a ftvquencf response and 
volume range commensurate with the original. A high degree of 
linearity is essential. The frequency range should he from fifty Co ea^t 
thousand cycles and the volume range from fifty to.sircy db. 

Reprodaemg systems which will meet these rtqniremente are now 
available and are being installed in theatres, and the recording pracciee 
has been developed to a degree that also fulfills these raqairementa in 
the original recording forpv However, it bat been foond nccessacy to 
limit the released volune noge until scch a tine as the majoxicy of 
theatres are equipped to handle the geeacer volomes. 
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To date, standard metboda of recording on film, both variable 
density and variable area methods, have given a volume range of ap. 
projrimatcly forty db, at the expense of considerable distortion, In the 
varfable density system the principal limitation has been the small linear 
range of density between the toe and shoulder of the characteriatic 
corve for positive stock, plus the distortion added by the noise reduc¬ 
tion system because of its relatively slow operating time. Push-pnU 
recording inherently reduces these limitations by the cancellation of tbe 
internal distortions. 

When sound is recorded on film, either by the variable area or 
variable density method, certain harmonic and extraneous components 
appear in the reproduced signal which were not contained in the original 
signal. 

For the variable density recording method these consist mainly of 
two distortion components: one introduced by the non-linear toe and 
shoulder portions of tbe film characteristic, and the second, signal com* 
ponenu derived from the noise reduction apparatus. For variable area 
recording the distortion consists of shatter or bias signals and process¬ 
ing effects. 

Pusb-pnll recording, like the push-pull method of operating 
vacuum tube amplifiers, is a method of reducing certain of these dis¬ 
tortion effects in the electrical signal to be reproduced. The similarity 
between film recording and vacuum tube circuiu is quite complete, the 
one providing a means for cancelling out certain harmonics produced in 
vacuum tubes because of non-linear tube characteristics, the other 
accomplishing the same results for film recording in connection with 
tbe above mentioned distortion effects. In fact, the possibilities for 
push-pull recording had their inctpiion in the success of the vacuum tube 
development. 

This type of recording is secured by means of two sound cracks on 
the film which ate reproduced by a double photo-electric cell arrange' 
ment, which adds the signals from tbe two tracks in their proper phase 
relation. Tbe two half-tracks are recorded ont-of-phase on the film and 
the double photo-electric cell circuit is arranged to have a phase rum- 
over, ao that tbe signal will be reproduced in-phase (see Chapter XXII) * 
This phase turnover is accomplUbed in the same manner that the out¬ 
puts of two push-pull vacuum tubes are joined together by a center 
tapped transformer. Thus, even order harmonic content introduced 
by the film is cancelled riut because of an out-of-phase condition in the 
combining transformerV As in push-pull vacuum cube circuits, it is 
not possible to cancel out both even and odd order harmonics. 
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In puih'puU Rcording. ooUe rednctioo signals an recorded on the 
two half-fracks in*phas8 in contrast to the ont-of*phase "wanted” 
signal. These forzner signals will, therefore, be cancelled out in repro* 
duction by the pboco*eleccric cell drcuic due to its 130^ phase change. 
Because of this cancellation feature, it is feasible, if desired, to speed up 
the operation of the noise reduction system (that is, allow the noise 
reduction signal to contain more frequency cooiponents), without 
damage to the reproduced signal content. This tends to decrease the 
amount of wave top dipping on steep wave front signals, which is a 
result of the sluggishness of operation of the noise reduction equipment. 
(See chapur on Noise Reduction.) 




IS'A^DapJcK variiUt 4tes. 
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PlfSfe 16*& — PoA.poll OasS B vulaUt utx. 


Pigue 16^0 — Poeb poO Out A vaoAbU am. 

Push-pull recording may be of three types: CUas A. Qaas B. or 
Class dass notation having the same significance as for aoeplU 

fier operadoa. 
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In Oass A recording* half the total signal energy is recorded on 
each half-track with tbe^resulr that they are alike but out-of-phase as 
discussed above. (See Figure 16.) 

In Class B recordiog* one half-track receives the positive signal 
energy and the other half-track receives the negative signal energy. 

The adjustments necessary to pcodace each of these tracks acc ac¬ 
complished by proper external connections to the light valve in the 
case of variable density, and by the inclusion of the proper aperture in th.' 
variable area optical recording system. 

As explained in the chapter on Noise Reduction. Class B track is 
not suitable, at least at the present time, for general theatre release* be¬ 
cause of the necessity of maintaining an accurate sensitivity balance in 
the push-pull reproducer. Inequalities resul^ting from the processing 
of the film also add to the reproduced distortion. 

The push-pull. Class A. variable area recording is accomplished 
by converting the optical system by change of apertures, using the same 
shutter in both cases. (See Figure 16.) 

Aa the noise reduction signals are cancelled out by the reproducer 
circuit, increased speed of operation of the abutter, if desired, may be 
secured. In this case* as in reproduction from a variable density push- 
pull record* a considerable reduction in even harmonic dbtortion is 
obtained and distortions due to audible variations in average print 
cransroission ace cancelled out. 



FisuK 17 — Pour-rtOo". push’pull light 99lv«, 


Class AE recording consists in adjusting the recording mechanism 
to record Class A for low volume signals and Class B whenever the 
signal volume exceeds a given am<»jnt. The point of separation bettfeen 
the Class A recording and Class B recording is determined by the setting 
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given to the recording mechanism. Oass AB recording, up to this time, 
has been confined moftly to experimental work. 



Pigon IS — Seerilivity ehmenrittU for fonr-rlbboo puh>poll 
light valve (CftPl valv<*RA*IO(lA). 

For pusb'pul] variable density recording, the light valve haa been 
modified, as shown In Figure 17, to have two pairs of bi'planar rib¬ 
bons of conventional type, each pair exposing half of the sound track, 
with the valve so connected that these ribbons act in pnsh-pulL Ic is 
mechanically impossible to mount the ribbons in line with each other, 
so. in order to scan tbe track with a single slit, tbe image must be 
optically relocated on the film. This is accomplished by pbcing an 
optical fiat in the path of each light beam in tbe form of a saw buck » 
shown in Figure 19. This arrangement moves the axis of tbe path 
in proportion to the angle at which the optical fiat is interposed. As a 
result, the opposing densities on tbe two halves of tbe track air poei' 
cioned horizontally across the film. 

Uniform exposure, to give a uniform 6eLd aeroee tbe width of the 
sound crack, is obtained by adjosiipg tbe dat-ribbon filament lamp. 
These lamps, incidentally, must be atefoUy sdecced inasmuch as cbete 
is a wide variation in lamps from any one manof accurtr. 

If the two halves of the track are recorded in-phase, the ootpoc 
reproduced on a balanced machine will be a measure of tbe ciacella' 
cion. 

In the variable area Qass A poab-puU system, tbe images of tbe 
triangular slits ace so located as to be symmetrical wicb respect Co file 
center of tbe alics, the center of tbe trade being placed to cocrespond also 
wicb tbe aata of the slits. Tbe residual width of tbe oack wiU iben 
indicate a measure of the balance, 
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(b) Dimensions of Studio Pii$b>pnll Tracks 

In the yariable density Gass A push-pull system, tbece ate two 



Caaritff Sheifiitl A««««eS lot. 

Figure 19 — Alijonrat flsu »F foar*hbbon valve aad assoeuted 
opriol rynem. 

widths of sound crack in currenc use in the studios: Regular (76 mils) 
and wide (200 mils). Regular push-pull occupies the same width as 
that of the original single track with the exception that there are two 
35 mil (racks aeparated by ^ 6 mil septum, these tracks being scanned 
by rbe usual 84 rail slit. These dimeosions are also used for push-pull 
movietooe prints. 

Wide push-pull tracks consist of two 90 mil tracks sepanred by a 
20 mil septum. Each of these tracks is scanned by an 84 mil slit. 

These three types of sound track, illustcaced in Figure 20, bave been 
adopted as Working Sundards by the eight major studios. The dimen¬ 
sions shown in the larger si^ed numerals must be maintained as accur¬ 
ately as possible. Other values are nominal and for information only. 
The areas shown in black are controlled by matting the negative in 
the recorder—not by matting in the printing machine. This method, 
which limits the effective track width on the film itself, greatly reduces 
cbe effect of weaving in recorders, printers and repcodncees. The volume 
reducdon due to the slight decrease in track width in comparison to 
widths previously used, amounts to only a fraction of a decibd and is 
well justified by other advantages obtained. 
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For studio us€ the wide push-poll crack has several advancages 
Some of these are: 

1. Greaiec inherent fixed noise reduction is obtained, thus redudug 
the amount of bias current necessary for quier operation. This decrease* 
io bias current also reduces the breathing effect. 

2. Regular and wide push-pull tracks may be intercut on the 
same reel and projected by a push*pull type reproducer, adjusted for 
the wide track. This is accomplished by printing the regular track 
through a wide aperture and in che area occupied by one of the two 
wide pusb'pull half'rracks. When the regular and wide cracks are inter¬ 
cut che two will reprcxJuce on the same system, since the regular track 
utilizes only one side of che pnsh'puU photocell artangement as the 
track in the path of the other scanning slir is black. Hence, with i 
single adjustment the one reprodacei will play both types of track with 
a difference only in volume efficiency when a change rakes place from oos 
track to the other. 

3. Failure of one pair of ribbons still provides a standard tiack 
in case of emergency. 

4. The track is separated from the sprocket holes by 25 mils 
compared to 16 mils in the narrow track. This increased barrier pro* 
vides more isolation from 96 cyde sprocket hole modulation. 

The advantages of che regular push-pull crack, compared to single 
track, are: 

(1) 71)e same type of reproducer can be used for original as,well 
as movietone pusb'pull. 

(2) A four'CO* one optical lystem can be used, which materially 
reduces the effective slit width ou the him as well as a reduction in inter- 
modulation provided ribbon amplitudes are limited in the case of 
variable density. 

(3) Greater iohereot nobe reduction as discussed above. 

(c) Squeeze or Matted Track 

As pusb'pull reproducing systems have beeo installed in only a 
snull percentage of the theatres, new techniques have been applied to 
single tracks, in order to secure a greater amount of noise teduccion by a 
method which allows the use of the same type reproducer as previously 
used. 
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In dse single track variable density method of recording* noise reduc¬ 
tion by means of bias has been increased 
to the maximum consistent with good 
quality. Since this has resulted in a yol> 
ume range still considered inadequate, 
other means of obtaining increased noise 
reduction must be used. As volume range 
is a function of the signal to noise ratio* 
equivalent noise reduction may be ob' 
rained by decreasing tbe width of tbe 
track and simultaneously increasing the 
percentage of modulation where the re* 
qaired output is considerably less than 
maximum. 

A track so reduced is commetcially 
known as a “squeeze" or "matted track." 

This technique can be applied with 
excellent advantage to very low-volume 
scenes which are exempli£ed by whispers 
or subdued conversational passages, or in 
the use of a very low musical background 
CO silent scenes. 

One method used to obtain matted 
tracks was the insertion of an inverted V* 
type mask in the optical path, usually in 
fixed steps which reduced the track width 
to 23^ or 50 ^ of the available width. 

The use of the above V-type squeeze 
track requires that the slit of the repro¬ 
ducer be evenly illuminated in order that 
the iocrease in modulation and decrease 
in track width exactly compensate. If 
this illumination is sot even, matted por- 
tioQS will be reproduced at different levels 
depending upon tbe degree of non-uni¬ 
formity of tbe illumination. 

To overcome this difficulty, a more 
recent procedure is to use a W-type mat 
which reduces the track width from tbe 
center as well as from both outside edges 
(see Figure 99), and so lessens tbe effect of non-uniform sUt-illumina 
tion. 



Plgere 21 Sqoecu ve 
narttd mdc 
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This type equipment, which is echemattcally illustrated in Figure 
22, also provides a continuously yariable mat. The attenuator motor 
and the matting motor are driven by a foot controlled Selsyc motor sys' 
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FigDre 22 ^Scbtsiatic <fiagr4ni of eqoipmene cendrcrlens 
for «gB<m (rack recording. 

tern which provides the contjQUonsly variable mat, and simultaneously 
removes the proper amount of attenuation from the circuit to in¬ 
crease the modulation. The matting indicator (driven by the in¬ 
dicator motor through the driving motor), shows the operator the 
amount of ixiattiog applied, and it will be noticed chat the amount 
of attenuation pcovided is exactly the inverse of the amount of matting 
available. Prom the volume indicator metet the operator is able to 
determine the amount of modulation upon the film and by proper 
control of the foot pedal, apply the necessary amount of matting which, 
thcongh the simulraseously operated noroi system, automatically pro¬ 
vides the conect amount of attenuation. 

Figure 21. an example of one type of "squeeze’' or "matted 
track." shows in the upper portion of a sound crack with no noise 
reduction applied. The center portion has a 6 dh and the lower portion 
a 12 db noise reduction, a reduction in track width to 50% and 25%. 
respeccivrly, 

(d) Complementary Recording 

Complementary recording provides a method, for use as an adjnoct 
to present type noise reduction systems. Co secure increased noise redne* 
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cion and to partially snpprtM breaching effects. In addition to these 
benefice, inter-modnlatlon between low and high frequencies of signals 
is reduced, and some overloading of the recording mechanism U avoided 
on aboormally bigh-volutned. low'fcequency signals. 

Modern methods of recording and reproduction do not permit much 
extension of the amount of noise reduction which can be secured in 
practice. This is due to several effects which accompany the use of 
biased noise reduction systems, such as breaching, distortion effects 
caused by the sluggishness of the bias component, and ocher items well 
known to the industry. For the method described below, these items, 
limiting the use of standard noise reduction systems, are partially over' 
come by distributing the signal load more uniformly upon the recording 
mechanism with respect to frequency. This is accomplished by pre¬ 
equalization and post*equaUiaation methods of a type different than 
those heretofore employed for sound-on-film recording. 

Figure 23 shows the circuits of two equalizers, one for use in 
the recording circuit to pre*equalize the recorded sound xnatecial. and 
the other for use with the corresponding reproducing channel to post* 
equalize this circuit ina complementary manner. When these two equal¬ 
izers are so used, the amplitude-frequency characteristic of the repro¬ 
duced sound material is unchanged because of the complementary charac¬ 
teristics of the two equalizers. Throughout the complete recording 
and reproducing channels, more rhan normal gain is needed to compen¬ 
sate for the equalizer losses, which are 14 db for the equalizers of 
Figure 23. Referring to the figure, it is noted that the recording 
equalizer has an insertion loss of 14 db at 100 c.p.s.. 7 db at 1.000 
c.p.s.. and very little loss for the high frequencies. In general, most Of 
the trsnsitioQ from 14 db loss to zero loss occurs in the frequency 
range from 300 to 3.000 c.p.s. The balf-loss frequency of 1.000 c.p.s. 
i$ one of the design parameters of the equalizers. 

A large part of the energy content of sound signals lies in the low 
frequency range from 200 to 500 c.p.s. Insertion of the above pee 
cqaalizer into a normal recording channel without any change in chan¬ 
nel gain removes a large part of the load from the recording mechaiuaoi 
and the £lm. leaving a high-frequency content of approximately cbe 
same level. Due to the removal of the low-frequency load. Ic u now 
possible to increase the recording channel gain, tbos securing a greater 
ratio of high-frequency signal to static surface noise; chat ts, an increase 
in noise reduction. Subsequent post* equalization does not destroy this 
increased nobe reduction because of the concentration of snrface soia* 
in cbe uppet part of the frequency spe^rum. In addition to tbU increase 
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in noise tedcction, a further increase is sometimes obtained due to the 
removal of rescriccions applying to the nobe reduction equipment as db> 
cussed below. 
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Figure 23 — E^^oaliuc cltc«iu ia c«inplemeecaty tecording. 


Breathing is caused by the action of the noise reduction system in 
placing the modulator in a position to handle the signal. Norma] 
operation of noise reduction systems consisrs of a bias on the modulator 
or a reduction in track width, so that the minimum amount of static 
surface noise is present for the iiO'signal condition. Opening* op of the 
recording mechanism or track width by the rectified bias signal increases 
the surface noise, causing the effect known as breathing. The greater 
the volume of the recorded signal, the greater the breathing effect. 

As already mentioned, moit of the signal energy lies in the low* 
frequency range which means that much of the breathing is produced 
by the lower frequency components of the sigoals. Hence, use of the 
above type of pre-equalizer greatly decreases breaching because the 
recording mechanism is not modulated nearly as much by the low- 
frequency ' mtenc. Tests have shown that breathing is practically 
eliminated by this method even on piano and organ tracks. It may be 
mentioned chat in normal recording, breaching caused by the high' 
frequency content of signals is sot nearly as objectionable as that from 
low'frequency components because of the low-energy content and 
masking effects. 

Some other beneficial effects derived from this type of pre*eqaa]ized 
recording are: Possibility of the use, in some cases, of a greater amount 
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of ooi$« reduction because breatbing. which Dornally tends to limit tbe 
amount of noise reduction chat can be used* is reduced: tbe teducrion 
of spurious signal products, arising from iutermodulation, because of 
the lower level of tbe low-frequency components; tbe reduction of biaa 
curreni components for the same reason; and the reduction in tbe 
amount of wave cop clipping on steep wave front signab which b 
normally caused by the sluggishness or time lag of the bias signal. (See 
chapter on Noise Reduction.) 

In conclusion, it may be mentioned that this method of recording 
accomplishes beneficial results for two basic reasons; first, because tbe 
energy distributiou of acoustic signals lies primarily in the loNver pact of 
tbe audible frequency spectrum and. second, because film surface noise is 
concentrated in the upper part of the frequency spectrum. Reducing 
the level of the recorded signals in tbe low-frequency range does not 
materially increase the signal to static surface noise ratio in this same 
range, but on the contrary permits the over-riding of surface noise in the 
upper* frequency range. This, in connection with the reduction irt 
breaching, decreased intermodniation effects, and the other items out> 
lined above, constitutes the benefits which may be derived from this 
method of recording. 

At the present time this method is in current use on original record* 
ings. the post equalizer being used at the time of re-recording for 
standard release. It is hoped that wiebin the very neat future a suffi¬ 
cient number of theatres vHIl be equipped with the post equalizer in 
order that the full benefits of the system may be obtained by release oa 
tbe movietone print. 

6. PHOTOGRAPHIC REQUIREMENTS OF VARIABLE 

AREA AND VARIABLE DENSITY SYSTEMS 

The primary requirement of any optical recording and reproduc¬ 
ing system is that the relative amount of light falling upon (be photo¬ 
electric cell be. at each instant, proportional to the amount of light 
passed by the exposure device in recording. 

This requirement is shared by both systems, but due to the difeicnce 
in the exposing devices in the two caws, a different use of tbe film 
cbaracceriscica is employed, as covered in detail in tbe chapter on Film 
Processing. 



Chapter IV 
NOISE REDUCTION 

Bv PRED ALBIN 

TheoRtically, an ideal electrical recording and reproducing system 
is one which will produce an electrical output similar in every respect 
to ibe electrical input (see Figure 24). Any deviation betvireeo cbe 
two is known as distortion, the two commonest forms of which 
are amplitude distortion, and frequency distortion. Practically. hoW' 



Figun 24 — Elemenu of sonod reeeHiflg ^nd rvrr^ducnoQ symm. 

ever, such a system will always present some distortion and will differ 
from rbe ideal in several respects, one of which is the introduction of 
"ground noise" during the recording process. 

A measure of the efficacy of such a system is the volume lari' 
tade: the maximum limit of which depends upon cbe overload level 
of the system and the minimum limit of 
which depends up^on the gxonnd noise 
present on the record. Figure 23 illus* 
tratea this, showing the maximum and 
minimum levels and giving the volume 
latitude as rbe difference between these 
two levels. It is evident, therefore, that 
a reduction of the noise level increases 
the volume latitude and so eobancea the 
value of the system. 

This is further brought out by re¬ 
ferring to Figures 92 and 96. where it 
can be seen rhat cbe difference in level between the two curves at any 
particular volume-value is the volame latitude of the system in question. 
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Figure 25>—Djagrjm illoscrating 
tb* volume laritade of repro* 
docuig (ystems. 


44 



NOI$E REDUCTION 


4^ 


Ic will b« noticed that the elope of the noise level curve and the minimum 
volume curve are equal, as any ground noise which is on the film wilL 
be amplified proportionately to the “wanted" signal contained on the 
film. Therefore, increasing the power of the installation will not in* 
crease the volume latitude unless the ground noise is held constant, or 
in ocher words, unless some system of noise leduccion is used. 

This chapter will be devoted to the manner in which noise reduc* 
rion may be accomplished and to tbe methods of application to the 
variable area and variable density recording systems. 

1. METHOD OF APPLYING NOISE REDUCTION 
TO VARIABLE AREA RECORDINGS 

The variable area method will be discussed first, as the application 
of noise reduction is more easily visualized due to the type of track 
produced by this system. As explained in Chapter III. the first type 
of variable area record consisted of a track which had the appearance 
of an oscillograph record on which the area to one side of tbe oscillogram 
was transparent and the other side opaque. This is illustrated in Figure 
26, where it can be seen that one side of the track is quite clear (except for 



FI a u» 2 6-A ^ OKiilosram of » tptttb wave. 



FiffOR 2d*B A eagle ravelopc variaUr am racordiag of ^ 
ipceeb wave of FigoR 2$*A. 

—C«mt0f JtC/t Oa. 


fog grains of silver, dirt, abrasions, etc., present on and in thej^ar filcL 
but which are not discernible in the cut). These foreign pj^dea. in 
passing tbe scanning aperture, interrupt tbe Ugbt beam na the same 
manner as a modulation wave, and so produce undesirable otoisein coii' 
trasc to the signal itself, which is producing the wanted sound. Since 
these particles are located at random'throughout tbe clear area of the 
track, tbeir power of modulation is proportional to tbe width of the 
clear track area (Figure 27). Without modulation, that ia, with no sig* 
nal recorded on tbe track and without cobe rtdncciou, ibe widths of tbe 

'1 
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clear aod opaque areas are equal. The division line between these two 
areas is known as the zero line or base line, and is the axis of the recorded 
wave during modulation. The width of the clear area determines 
the maximum undistocted amplitude of the modulation, that is. any 



signal which has an amplitude greater than onc'half of the track 
width will obviously extend beyond the track, and the peaks of the 
waves will be lost and harmonics introduced, Ac low modulation levels 
the clear area width is excessive and as a consequence the foreign particles 
rnencioned above are present in a relatively large extent, which results in 
a serious prominence of ground noise. The obvious remedy is the re* 
duction of the excessive width of the clear portion of the track during 
low modulation levels. Such a system, when applied to recording 
methods, is known as "noise reduction." 

The first experimental plan for accomplishing noise reduction in 
the variable area system consisted of applying a direct*current bias to 
the modulator circuit. This direct-current bias caused the zero line to be 
shifted towstd one side of the track, during no* signal periods, thus re* 
ducing the width of the clear area to some pre-determined value. During 
modulation periods, part of the signal energy was diverted from the 
modulator and used to reduce this bias current, thereby mo^ng the zero 
line toward the center of the track to allow sufficient crack to record the 
increased modulation. 

However, mechanical difficulties were introduced by the weaving 
of the film when passing through the projector, as the modulation at 
low levels often moved outside rbe area of the scanning beam and part 
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of the wave was lost. Coiuequeotly. this system never was used com- 
merdaUy. 

This difiiculty wu overcome by removing the bias current on the 
galvanometer and adopting a biased shatter which moved into the track 
area from the clear side of the £lm toward the aero line at low*modula¬ 
tion levels, leaving the same net width of clear track with the zero Une 



Pigurc 28*A — Vjriiblr area souod track wirb noise reduction accompluhed bt 
variable bias of galvanomerer. 



Figire 28*B— Variable am sound truk with Bolae rediutioA aeconptisbed 
bf QsrofebiKUr. 
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Still located in the center of the whole track, and avoiding tbe loss of 
modulation resulting from weave of tbe film. The bias carrent oa 
the shatter is reduced, at high*modulation levels, by using part of 
the rectified signal energy to cancel this bias curnnt. Figure 28-A itine¬ 
rates an experimental sample recording made under tbe first plan, and 
Figure 28-6 represents a sample recording made under tbe second plan. 
These single envelope variable area records are made with aa aperture 
as shown in Chapter III. 

Later, a difiecent type of aperture, in tbe form of an isosceles tri¬ 
angle. was adopted to replace tbe original square aperture. An image 
of this triangle is moved in a vertical direction, and at right angles with 
respect to tlK scanning slit, as shown in Figure 29*At resulting in a 
record aa shown in Figure 29-B. 
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The image of the common area of the opcical alic and triangle 
(shaded area in Figure 29-A) thus varies in horizontal length in accord¬ 
ance with the signal, and the track produced is known a$ a bilateral 


Figure 29-A — Type of epctiun 
used io biUteriJ variable aru 
recording. 

track, as it is a double envelope track identical in modulation on both 
sides of the zero line. The modularor may be biased to reduce the 
horizontal length of the image which results in a corresponding reduc- 
tioQ of the area of the clear portion of the positive track. This mefbod 
accomplishes noise redaction vri^ouc the mechanical difficulties eitpe- 
rienced with the original method. 

From this followed the adoption of a double track system, which 
is produced by replacing the single triangular aperture with two op¬ 
posing triangular apertures as shown in Figure 30-(b). An optical 
image of the two triangles is formed at the scanning slit after being re¬ 
flected from the galvanometer mircor. The apexes of the triangular 
images fall on the center of the slit at the ''no-signal ' position, and are 
spaced apart half the length of the slit. The signal to be recorded rauses 
the galvanometer to vibrate and to shift this image, according to the 
signal, in the direction shown. Thus, one triangular image will record 
the positive portion of the signal, and the other image the negative por¬ 
tion, which produces a track as shown in Figure 30- (b). This type 
track is known as *'pusb-pul], Class B, variable area track."* 

If the aperture U so designed that the mid-point of the altitude of 
both triangles falls on the center of the scanning slit at the "no-signal" 
value. Figure 30- (c), the resulting recording is known as "push-pull. 
Class A, variable area track."* This aperture was so modi£ed chat 




KCA ymtai4siar!t>t Cv. 
Figuir 29*B ~ Sample of variable area 
bilaien) recordiog. 


*NOTE: As will be explained later io thla cbapier, Gass B pusb-pull records are 
uoioitable for release print purpcaes at tbe present stage of edvaocemeot of Rprodoclitg 
e^Bipioeot. Por tbis reaeoa. Class B pBtti-pBll xtcotdiag, in both the variable acea and 
variable deosity syatuQS. U aoc ued. and for purposes of release print BomeadaiBte the 
terms *'Gass A” and ’*Oass B’* are dropped, aad tbe Ron pvah-puJl record ^vaya 
desigQjtes a puh-pnll Qaia A tneb. 
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the image falling on the scanning slit consisted of two opposing right 
triangles instead of the two .opposing isosceles triangles, in order that 
noise reduction of the shatter type might be easily applied. The re- 
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«e lb* ttfitmbn, ni7. ''Tb* 
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Figvte 30—Types of nriebte »ta ipemra vitb a<Hw ndocilon shoTUrs, vjcb (he 

ttsulting loond mcks. 

salting track is shown in Figure 30-(c). which b similar to the trKkof 
Figure 29-Br but with the two half-tracks 180* out-of-phase. 

The most recently developed aperture and the one currently used in 
production, except where push-pull is employed, b shown In Figure 
30-(a). Thb "M*shaped" apertore is a negative of the single track 
apertote of Figure 29-A and its use results in a track shown io Bgure 
30- (u). Noise reduction, that is, redaction in the width of the trans¬ 
parent portion of the track, is secared by the use of a double-shncter 
mask, each shutter biased toward the center of the track during periods 
of low modulation. Part of the »goal energy is diverted from the 
modulator, rectified, and then used to cancel the biasing current on the 
shutters to allow greater track width at periods of high modnlarioo. as 
illuscrated in the center portion of Figure 30- (a). 

In sound recording, the majority of signals are ansymmetrkal about 
their base line.* having greater amii^itudes during the compression pan 


* WhUi tUs evodidod ippau to be erne, dam U coaulenMe dlftMce of 
«piaioB aaoBS authoniics on cbtnbittt. 
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of the wavs. For this reason the galvanometer should be $0 phased with 
the sound wave that the compression part of the wave is recorded 
toward the center line, and away from the shutter side of the crack. 
This provides a greater safety margin for faigb-peak waves as the 
total amount of available track on a bilateral record may be instantly 
utilized by the compression pact of the signal. However, on both 
outside quarters of the track, the shutter, during periods in which 
the noise reduction is operating, masks part of the track* and high 
amplicude waves are apt to be cut off during the time the shutters are 
being removed from the sound Crack area. This timing action of the 
shutters is described in detail below. 

2. METHOD OF APPLYING NOISE REDUCTION 

TO VARIABLE DENSITY RECORDINGS 

The variable density recording system employs as a light modu¬ 
lator the light valve, which has a normal spacing between the two 
ribbons of one mil. Noise reduction may be applied to such a system 
by reducing the mean spacing of the ribbon to some predetermined 
value, resulting in a reduction of negative exposure with a consequent 
reduction of positive transmission. This has an effect similar to reduc¬ 
ing the clear portion of the track of the variable area record. Part of 
the incoming signal is then diverted through an appropriate network 
to act in such a way as to increase this mean ribbon spacing as the modu¬ 
lation of the signal increases. This increase of mean spacing is suMcieat 
to aaommodate the increased input. 

More recent designs of variable density recorders use a four-ribbon 
valve to expose two tracks in the area formerly occupied by a single 
track. The exposure of one track is controlled by one pair of ribbons 
and of the other track by the other pair. The modulation of each pair 
of ribbons may be in-phase or cut-of-phase by 180^. depending upon 
the external connection. An in-phase relation results in a track which is 
the same as that produced by a two*ribbon valve with the exceprion 
that a septum divides the sound rrack into two parts. An external 
connection resulting in an out*of-phase condition produces a push-pull 
record. 

This push-pull record may be either Class A or Class B, In the 
Qass A type each pair of ribbons receives one-half the total signal 
energy, and has a fixed spacing of over one mil. The resulting crack 
con^sts of (WO pacts, one part being identical with the ocher, yet with 
the two parts 180^ out-of-phase. A sample Class A posh-puH. variable 
density recording of low frequency is shown in ^gure 31-A. 
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In the Class B type of recording the ribboni ate still connected 180* 
onC'Of-pbase, but in tbU cast one pair of ribbons receives the positive 
half and the other pair receives the negative half of the signal energy. 
This Etsnlcs in a type of track which is very sunilac in appearance to 
the Oass A push-pull record. A sample of Class B push*polI variable 
density recording la shown in Figure 31 - B. 

While it will be ibown later chat cbe Class B system of pub-pull 
recording is ideal from a sundpoint of maximum noise reduction, it 



— 'CcwfJOgi BiHtiUti Hiitmtl) lee. 

Pieere 31'A~ Sample of ptub-pull. Qass A. variable dcosity'recotdins. 



FilBM 31'S — SanpU of puh'pnU. Claaa fi. variable decvriip tMordlay. 

NOTE: Pigorc 31'A is (be ssBal 100 mil eotmd track used on rdeue prieta 
(aeiul size), while Figam 31 *6 is a 200 ail ioud track freqaeDdy need lo sndio 
work (anul ties). Tbc 200 nil cn<k ia ef covnt rtdaced M 100 nil track fvr teleaae. 

has, nevertheless, been superseded eotiiely by the Gass A system be¬ 
cause of practical difficnlries. Reproduction of Qass B recording 
requires very careful balance between the positive and negative halves of 
the cycles in both an amplitude and phase telarion if low diacortioo 
requirements are to be fulfilled. When the recording is reproduced, the 
relative sensitivities of the two photo-electric cells and their associated 
optica] and electrical circuits must be maintained exactly in balance for 
all frequencies within the recording range. 

In practice it has been found diflkult to maintain this necessary 
balance and the fidelity sacrificed was not offset by the improvements 
realized in noise redaction. 

The problems encountered in ibe variable density system, doe to 
the film cbaracteriscics employed by this system, add still farther to 
the distortiiw by the Oass B type recording This can be sees by refer- 
ence to Figure 36, where it should be noted that the curve below the 

6687 
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value of Ti becomes non'linear and as this section of tbe curve is 
utilized by tbe Class B recording, distortion results. 


5. DEFINITION OF TERMS 

Before taking up tbe effect of noise reduction on tbe reproduced 
noise level from both variable area and variable density records, it will 
be necessary to establish the definition of certain terms. 

In order to explain, in common terminology, the operation of 
noise reduction as applied to both the variable area and variable density 
systems, a nomenclature has been chosen, which, while not elucida¬ 
tive CO either particular system, is descriptive when applied to both 
systems. 

The total track width, whicb is tbe area of the film scanned by one 
projection scanning beam, will be termed "track.” The "carrier” is the 
medium which, when varied in magnitude, constitutes recording. This 
is not to be confused with a popular specific type of noise reduction 
control circuit known as the "Carrier Noise Reduction System." de* 
scribed later. The carrier amplitude in the variable area system will be 
defined as the width of the dear portion of the crack and in tbe variable 
density system as the mean positive projected transmission. The per¬ 
centage modulation. Chat is. the percentage of Che track covered by 
modulation, is the ratio of the modulation amplitude to the carrier 
amplitude expressed in per cent. Margin, which is the excess of the 
opening of the valve over the necessary amount to carry the signal 
Invariable density), or the amount of clear track between the peak 
amplitude and the modulation and that portion of the track masked 
by the noise reduction apparatus (variable area) is expressed mathe* 
matically as 


Margin = 20 log ^ . . —\ 
^percentage modulacioo / 

_ 201 / carrier amplitude \ 

” ^ I modulation amplitude/ 


db 

(8) 

db 

(9) 


For example, if the carrier amplitude in the variable density system is 
25 % and tbe modulation amplitude is 12^ tbe percentage modu* 
latiop is 50^ and the margin is (20 log 2) 6 db. 

The physical meaning of these terms is shown in Figure 32. 

In practice, some value of margin in the order of 6 db b used for 
several reasons: First, thete b a time delay in the operation of the nobe 
reduction equipment and the margin assists tbe bias cancelladoB ifl its 
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spMd. that 1 $. it allows tb« noUe reduction equipment a longer period of 
time CO clear the way for a signal of increasing modulation; secondr 
(he adjustmenc of margin is usually made with a sioe wave, which does 
not have as large a peak factor as do wave forms encountered in ordinary 



recording, and since (be response of the noise reduction control circuits 
is usually approximately proportional to the effective value of the input 
level, its response when predetermined by the sine wave would be iO' 
sufficient to accommodate the higher modulation of a complex wave. 

4. DISTRIBUTION OF NOISE IN THE 

RECORDING BAND 

Investigations of the diferent sources and causes of noise have been 
made and the results indicate that if snfficieac care is takes in the proc* 
essing of the film, the greatest cortttibution to noise is the irtegularity of 
the grain grouping of the phoiograpbic emulsion, as well as the irTtgu* 
larity in transmission characteristic of the gelatin and the base of the 
film itself. Again, afrer the film baa been in use for some time it 
accumulates various kinds of dirt, becomee scratched, and other wise de> 
predates from an ideal medium for sound recording. 

Figure 33-A gives the distribution of the noise level over the ftc* 
qaency range used in recocding. while Curve B, Figure 33'B, gives the 
e/fectioe noise level due to the non-uniform mteosity com (Com A) 
of the ear. I c most be noted that there is acroaliy more tnogy in the low 





54 


MOTION PICTURE SOUND ENGINEERmO 


frequ«ocie$ chan in the highr bat the sensation level cum of (be ear 
(Curve A) indicares rhac frequendes in the mid'range axe a<iuallv 
more discurbing. 



Fisurc 3 3-A~ DUrriboiioa of lev«{ over ibc /irqQfQcy band lued io iceordina. 



Fttare — C«r?e A shows rhe seuitivirr of tbe ut a$ a function of the frequency, 
while Curve B' shows the sfccdTe ioteodCT of aoise produced by a 61 m 
record over the freqaeocy range used. 


5. -"eARRIER REDUCTION" METHOD OF 
NOISE REDUCTION 

As previouslf mentioned, rbe most commoniy used method of 
'noise.redaction is the "catriet reduction" method, commonly known 
as dtbex the "bias" or "shutter" method depending upon the choice 
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made, wherein the carder amplitude is reduced to a value which will 
accommodate thrmodulation amplitude with only a small margin for 
tolerance. Such a sysrem is lUusirated in Figure 34. 



Figare 34 — Block Rheinaik of a conveniion^l aoUe reaction syiMm. 


The reproduced noise level is usually expressed ic teems of ampli* 
tude and from a variable area record the reduction of amplitude is pro¬ 
portional to the square root of the reduction of the clear track width. 



Figure 35*A —Cur»« ehow- 
iag the ibeoreHcjl aod meuored 
rclario&i bervera aow level tad 
deanev of poeiiive film devd* 
oped io different devdopl&g 
•elndoAt. 


Figure 35'B—Curve show- 
log cbe ibeoretieal tad met* 
eo^ reladoot between tbc 
relative aolae level aad tbe pro¬ 
jected print Tnojmistioa of 
poddve film drvelopcd 1a 
differeot soloriooa 


For example* if a reduction of the noise level of 4 to 1 is desired, it Is 
necessary to reduce tbe wid cb of the clear port ion of the track to 1 /16 its 
initial value. 
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Froai variable deosicy records the ooise level is also proportional to 
(be rednccion of power, but in this case the amplitude of the ground 
noise level bears a close relation to the transmission of the film over a 
wide range of density, as shown in Figures 59'A and 35-B. For 
example, if a reduction of noise level of 4 to 1 is desired, the mean 
positive projection transmission mast be reduced in the same ratio. 
This transmission is proportional to cbe valve spacing and consequenrly 
rhe desired noise reduction is accomplished by reducing the valve spaC' 
ing by the desired ratio. (See Appendix, Page 527.) 

In borb the above cases rhe ooise reduction Is expressed in decibels 
as 20 log (reduction of amplicude of noise level) 12 db. 

This may be illustrated by considering the alcernating*carrent 
analogy. The foreign particles present in the clear portion of the 
crack maybe considered as distributed more or less nnifotmly and these 
contribute to the tepcoduced noise level in a power ratio aaordicg to 
the amount of clear track projected. In the electrical case, if two equal 
alternating currents which have the same frequency and which ate in' 
phase are impressed upon a circuit, the resultant current is equal to the 
sum of the two. The power in the circuit, however, is proportional 
CO the square of the current and therefore the power has been Increased 
four-fold by doubling the current. This condition is similar td noUe 
reduction in variable density as any change in rhe transmission affects all 
noise sources simultaneously and the reduction of noise is proportional 
to the reduction of light. Therefore, the reduction of noise level is 
proportional to the redaction of mean positive projected cransmission. 

However, if the two eucrenti mentioned above are not in*pbas< or 
are of a different frequency although of equal amplitude, the resultant 
current does not have the same linear relation to its components. In 
this case, the resultant current Is equal to the square root of the sum of 
the squares of rhe componenc carcents. or, if of equal value, co the 
square root of 2 times the value of either component current. Thus, the 
power, when the current is doubled, Is also doubled. This is similar 
to die variable area case and shows that the reducrion in noise level is 
proportional co the square root of the teduccion of clear track width. 

Therefore, co secure a 12 db reduction in the noise level, it is 
necessary to reduce the poacive projected transmission in variable 
density recording to one-fourcb its original value, while in the variable 
area system it is necessary to reduce the cleat porKon of the track to one- 
sixteenth its original value. 

The following is an example of the application of this amount 
of noise redaction co both systems of recording: 
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Let it b« required to reduce the noise level to one-fourth its v^lae 
when noise reductiou b oot used. Then if the subscript "1” designates 
the unreduced noise level and the subscript "2" designates the noise 
level at one-fourth the original value: 


NLi^ANLs 

Vartoble Atm 

NL ^ K width 

NL, = XvCTWr 


where SL — nobe level 
amplitxide 

VariabU Ckmity 

NL^K (positive projected 
transmission) 


NLi = K VCTWT 


but 


NU_._ VCTW7 

y/crwi 


and 


CTWi 

cru'j” 


Id 


CTWjs^CTW, 


JVL, = X (PPTt) 
NU = K (PPTi) 


but 


NLi "" PPT 


and 


PPTi 

PPT,” 


PPTi^y^PPTi 


In both cases the amount of noise reduction expressed in decibels b 
the same, namely: 

Nii.. = 20lo*(^) 

= 20 log 4 = 12db 


Returning again to the variable density system and considering the 
combined steps of him processing as a whole, the positive projected 
transmission b proporrional to the valve spacing. The signnl input, 
which controls the variation from a predetermined mean of valve spac¬ 
ing. therefore causes a resulting change in the positive projected trans* 
mission, provided the relations given above are kept linear. The design 
of the photo-electric cell circuit serves to convert the change of traas- 
mission to an alcernadng electrical current whose amplitude b propoc- 
tiooal to the change In transmission. The mean cranamission, therefore, 
has no effect upon the ontpuC dgnaJ level which b determined solely 
by the above alternating current—but the mean cransmissiou represents 
the sonree of, and determines the value of. the ground noise. 
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Th« minimom ground nofse level is therefore reecbed when the meen 
trdQsmission U redcced to the lowea allowable value. The lowest allow* 
able value is liinited by the straight line portion of the curve, which 
gives the relation between negative exposure and positive projected 
traoemission. Tbe mean exposure must be greater than this lowec limit 
by an amount equal to the amplitude of the modulating wave, and so 
the minimum mean exposure is directly dependent upon the modulation 
level. In this respect tbe variable density and variable area systems of re* 
cording are similar. As shown above, the reproduced signal level, being 
proportional only to the modulation amplitude or change of transmis¬ 
sion, is independent of she value of tbe mean transmission and. as a 
consequence, a reduction in this mean transmission, provided it is kept 
above tbe minimum value determined by the modulation amplitude, 
leads to a reduction in noise level at a constant output level. 



Figure 36 Curve ibovHAg tbe reladot betweea i>oiidve projected ctaumiulpa 
aud cbe cibboo spaeieg of tbe rec^uig v^ve. 

Figure 35 illcsuates the linear relationship between negative 
exposure and positive projected rraasmission. A constant amplitude of 
modulation is*$bowa which is variable about three different mean 
values—it is evident that the output level in these three cases is tbe 
same. 

To avoid amplitude distortion at any frequency, the output level 
of tbe recording system must be proportional to the exposure modula- 
ticn amplitude. Jt is commonly kaown that the output level may be 
varied by changing the print transnission and that the output level is 
proportional to the percentage of modulation. When the print trans- 
mbsion is varied as a consequence of bias on tbe valve, tbe percentage 
modulation varies in an inverse manner, but since the output level it 
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proporciona] (o tb« prod ucc of these t u^o factors and as thef change in an 
equal but inverse maanetr the output level is unaffected. 

When (be illumination in tbe printing process is varied, the positive 
mean rransmUsion and tbe po£tive change of transmission due to 
modulation are both varied, and in tbe same proportion. Therefore, the 
signal and noise levels vac/ together. This effect is used as a means 
of signal adjustment, but not as noise reduction. 

However, for the above conditions to be true tbe exposure illumina¬ 
tion and development conditions of both negative and positive films 
must be held constant. Variation of mean transmission as a result of 
varying illumination and development will definitely affect the re¬ 
produced level as well as tbe mean transmission, and as a consequence 
it cannot be used as a method of noise reduction. 

6. "SPLIT-CHANNEL” METHOD OF NOISE REDUCTION 

Another method of noise reduction illustrated in Figure 37 makes 
use of tbe frequency distribution of the film noiae in the recording band. 
Referring again to Curve B of Figure 3 3-B, it is apparent that the higher 
frequencies represent greater effective noise level. Tlw noise level may 
be reduced by the use. in the reproducer circuit, of an equalizer which 
causes an atunuation of these higher frequencies, but thb leads to a 
corresponding loss of the high frequencies of the recorded sound as well 
as a reduction of the noise level. 

There are two methods in use employing this principle of noise 
reduction. 

In tbe first method, where only a single track is used, tbe high 
frequencies of the recorded sound are pre^qnalized by an amount equal 
to tbe lc>ss introduced by the post-equalizer, resulting, for all practical 
purposes, in the reproduction of a signal without frequency discrimanj' 
tioQ, but with a reduced noise level. (See Chapter HI. Complemeutary 
E^ording.) 

The second system requires the use of two tracks, one for the low 
frequencies and the ocher for tbe high frequencies. Tbe frequency band 
of the recorded sound is separated into two branches of the drcmt by 
appropriate filters (see Figure 37), each branch operating a valve which 
utilizes only half tbe sound track. Thus the low frequencies are recorded 
on one-half tbe crack and tbe bigbs on tbe other half. When this 
track is projected, a low-pass filtR is inse^ed in tbe orcnitf rom tbe low* 
fteqnency half of the track, effectively ebxnioatiug ali noiee above the 
cuc-^ frequency of tbe filter, and the high ftequencses ace reproduced 
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from tbe other half of the track ia the cocvencionsl manner. This ont- 
pac is recombined with the oatpct from the low-frequency aide and 



Fiaore 37 Block Kbemadc of («o*cbjaAd hisb *p«cd circuit. 

fed into the same projection amplifier system. In recording this track, 
noise redoction of the carrier-redoction type is used only in the high- 
frequency circuit. 

Due to the fact that the low frequencies have been eliminated from 
this branch, the time of operation of the noise reduction in this circuit 
may be accelerated, thus reducing distortion doe to vahe clash on the 
initial wave front, which is caused by too slow a removal of the valve 
bias when a sigaal of high oiodulstion is introduced. The high fre¬ 
quencies in this branch of the circuit have a masking effect on the noise, 
which further reduces the noise level. 

7. ^'AUTOMATIC ATTENUATION^^ METHOD OF 

NOISE REDUCTION 

Another system of noise redaction which has been used with a 
certain degree of success in some instances, consists essentially of an 
aocomacic attenuator, somerimes known as a threshold limiting device, 
placed in the projection circuit to attenuate tbe transmission during 
periods in which no modulation exists. A control circuit opecated by 
(be same energy which produces the output, actuates the attenuator 
and restores transmission of speech energy to a normal value during 
modulation periods, at which time the presence of modulation is de¬ 
pended upon to mask out the ground noise. This method has tbe added 
advimtage of reducing noise from other sources than the film, such as 
extraneous noises picked up by the microphone, etc. 

8. NOISE REDUCTION CIRCUITS 

Figure 34 shows tbe noise reduction control apparatus for the 
common method of reducing noise by tbe reduction of carrier ampli¬ 
tude. accomplished either by tbe use of shutters or by biasing the modu- 
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(a tor. The idea! case of reduction of noise by the bias method, lo which 
the bias follows exactly the envelope of the wave, is shown in Figure 

(b). Any bias method would operate tn this fashion if its response 
were in direct proportion to the input for both amplitude and phase. 
For this to be so. all amplifiers, rectifiers, etc., would have to have 
exactly linear amplitude characteristics, and all filters and other delay 
circuits would have to be removed from the system. This would lead 
to effectively zero instantaneous margin which would give the ultimate 
reduction in noise by the carrier reduction mecbod. 

However, in practical applications, a margin is necessary as the 
conditions outlined above are not fulfilled and the noise reduction 
control apparatus must be given sufficient time to operate and to remove 
the valve bias or shutter, as the case may be. when a high level of 
modulation requites a greater mean transmission or track width. 

The noise reduction control apparatus consists of an amplifier cit' 
cuit bridged on a special circuit which feeds the valve, the amplifier 
being coupled to a rectifier unit (see Chapter XXIII) which contains 
a filter. The output uni'directional potential from the filter is pro* 
portional to the amplitude (the value of which will be discussed later) 
of the speech energy and is used to restore the track width by removing 
the shutter or cancelling the bias. 

Figure 38 is a schematic of a typical noise reduction system. The 
characteristics of this equipment are such that the direct* current output 
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is proportional to the average value of the wave of speech Inpoc energy, 
and when this output is used to cancel the bias current, the net bias 
current is inversely proportbnal to the speech level. 

The sensldviry of the circuit is regulated by adjusting the gain of 
the noise reduction amplifier and is so adjusted that when the naodulator 
amplitude is maximum ifi>e bias current a completely cancelled. Ths* 
adjustment is the margin adjustment. The rectlfiat prevents a rcveual 
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of the bias current through the modulator, as it stops any further change 
of current when the bias current has been completely cancelled, regard¬ 
less of any increase in signal level. • 

The modulator bias current is supplied by a battery in series with 
a variable resistance, this resistance being high with respect to the modu¬ 
lator resistance, and causing only a small bridging loss. This bias 
current b adjusted to the desired amount by means of the variable 
resistance, as indicated by the meter, thb adjustment determining the 
amount of noise reduction applied. 

Figure 39 illustrates the teladon between current density and the 
resistance of a copper oxide rectifier. When the rectified signal voltage 



Fiaare 39 — Cdtve ibowing tbr rcluloB betwtn (be rensl»iu< variacioa wkh 
cacKBt of » <oppu Glide rtcri£er. 


is high, the resbtance of this anti-reversing rectifier rises to a relatively 
high value and thus blocks any reverse valve bias current which would 
otherwise tend to flow, Thb signal rectifier has a slightly non-linear 
characterbtic which is evident near the cut-ofi point. 

The output of the rectifier b a uni* directional current which con¬ 
tains the double frequency of the original speech energy. If this com¬ 
ponent b not filtered out. it will modulate the valve, which iniuro ^ill 
record the same modulation on the film. Precautions must therefore 
be takes to prevent thb modulation from entering the audible frequency 
range. Thus a limit to the speed of operation of the nobe reducdoit 
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apparatus k established. This limit is established by that frequency 
which is the highest allowable below the cut-off of the system as 
established by the horns, filters, etc., in the circuit. 

As an example, if the system will reproduce, as the lowest fre- 
queocy, 20 c.p,s., ahd if 1009b modalation is necessary for audibility 
at this frequency, then the maximum allowable cate of change of bias 
current will be approximately i/$0 or 0.0125 seconds. The necessary 
filtering circuit which follows the rectifier incrodoces a time delay in 
the circuit and should thus be designed for a cut-off frequency of about 
20 c.p.s. as a maximum. 

Due CO the type of circuit and the fact that the full-wave rectifier 
impedance is constant, the periods for bias cancellation currents to build 
up and ro decay are equal. 

Another type of noise reduction circuit utilizes a vacuum cube recti¬ 
fier in place of the copper oxide type. The filter which follows the 
rectifier consists of a simple condenser lesiscauce network. The time 
constant of this circuit. Is fixed at approximately the same value as the 
previously described circuit. 


9. TIMING CIRCUITS OF NOISE 
REDUCTION EQUIPMENT 

The time constants of noise reduction circuits are determined in 
the following manner. 

Consider Figure 40, which is a simplified circuit of the timing 
circuit of the noise reduction systems. In Figure 40 



Figure 40 ~SimpliSH dr* 
<iii( diagntn of timias cbcvU 
of a nom ndoctiaa sy«t<ai. 


E ~ constant impressed voltage 
Ri, = resistance of generating source 
C = capacitance of condenser in farads 
<0 = instantaneous current in Ro 
ii instantaneous current in R$, 
tg ts instantaneous current in C 
I s time 


From the e.m.f. and current laws the following equations are obtaiaed: 



( 10 ) 


. B — Rpto 

Rt 


ai) 


= fi + /j 


(12) 
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From thtse equatioos may b« derived an expression for :i in terms 
of t and the constants of cbe circuit: 


Where 


jf _ 

^^Rx + R„ 


When r = eo then I'l = 


E 


(13) 


which is the maximum value of i]. This is. of course, the theoretical 

maximum value, but practically, as cbe value of becomes large 

at a very short time—as we normally measure time—after the switching 
operation, the value of t usually given foe noise reduction systems is 
that value when /j = 0.9 (maximum value). (14) 

This value of r is the operating time of the circuit. 

When = + 

then r = 2.3^C (16) 

With (his type equipmeot che bias current is the last stage amplifier 
place current, which is reduced by the rectified signal applied to this 
stage as a grid bias voltage. To avnd "over'shoocing" due Co excessive 
signal, the circuit is adjusted so that this place current approaches the 
cut'Off point, beyond which the amplifier stage becomes non'lineac. 
Use is made of this fact as it enables the equipment to provide a large 
margin at low levels and a small margin at high levels, which decreases 
to aero after the cut-off point has been reached and the modalacton is 
100 %. 

The response curve, that is, the relation between bias current and 
relative signal input, is linear over almost cbe total range used. How¬ 
ever. at The extremes of the curve, that is, when the bias current is reduced 
to zero or when cbe signal reduces CO zero, the relation falls off slightly. 

«Aitocber noise reduction control system of the carrier-frequency 
type has its bias current supplied by tlK rectified output of a 20,000 
cycle oscillator whose level is modulated by the rectified speech energy. 
The 20.000 cycle circuit is rhe "catriar*' foe this particular equipment, 
consequently the name carrier-freqaency. The output level is maxi¬ 
mum when cbe signal level is zero. The response characteristics are to a 
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large degree conrroUed by the adjuetmeat of the exciter voluge. and 
tbe bias and modnlation leTel into the modulating tube. 

Noise redaction control equipment ased with a light valve reqatres 
an equalizer circuit in ocdei that the response with frequency be made 
to follow the light valve resonant characteristic, which condition pro¬ 
vides a constant margin at all frequency conditions at a given level. 

The usual noise reduction systems, that is. those with a linear 
response between the speech input into tbe noise reduction system and 



IM^UT 

Figan 41 'A — Cams the le* 

spoase cbitMCeriftic of “liawr copoosc'' 
(Corve 1). eod ''raaaaat mirsin” 
(Cuve 2) fioUe Rdwties rssMsie. 



Figure 41*B — Careu aboving (be re* 
lenoa bctweee stargiA aod modoUtioB 
lerel of "linear reaponse*' and "conaianc 
surgin'' typa of ooiae redocriou 
CTsrau. 


the output of tbe noise reduction system as described above, and as 
illustrated by Curve 1 of Figures 41-A aAd 41-B. provide coo much 
margin In the operating region of the noise reduction system. 

Another system, called the “constant margin" system, baa been 
deaigued. This has a response cbaracteristic as shown by Curve 2 of 
Figure 41 - A. Figure 41 'B iUustrares the margin such a system pnsvides 
at different levels, where zero level is a condition of 100 9^ modulation. 
Curve 2 shows tbe relation of a linear noise reduction system. Curve 2 
shows the margin provided at different levels by a constant matgiu 
system designed to operate at a margin of 6 db. As the modulation 
level is increased from 50 toward 100 ^. the mar^n approaches zero, 
which is tbe valve overload level. However, as the speech level decreases 
from 6 db, to say 10 db. the margin remains constant at a value of 6 db. 
Tbe 10 db point (chosen arbitrarily for this drawing) is determined 
by the no-dgnal spacing of the valve ribbons and for any redaction in 
level below this point the margin increases in a linear zzianner as the 
modularioH decreases. 
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Socb a aysteffl further decreves the noise level for certain valuer 
of modulattoa. This further decrease in nobe level is cepreseoted by 
the shaded area in Figure 41*B and represents an improvemenc over the 
linear-response noUe reduction systems. 

The oobe reduction systems described above and chose given in 
the chapter on recording methods, still leave a great deal to be desired 
from a consideration of the results obtained. In all probability a new 
method or a combination of old methods will eventually be worked 
out and used*—a method which at the present time is not even an¬ 
ticipated. 



Chapter V 

RE-RECORDING AND PREPARATION 
FOR RELEASE 

Bv KSNNBTH LAMBBRT 

The pr<pa(3ti6n of a picture for release iavolves processes which 
are qoc all of a rechnical sacurc. The philosophies of these processes, 
however, are tremecdoosly impoiunt not only to the mecbacicat tools 
and operations used, but also Co the very planning, writing and direct' 
ing of the picture. From a strictly sound standpoint the interpretation 
given these philosophies may decide the choice of a recording system, 
the technique for using it, and the training and organization of the 
operating personnel. 

Releasing a motion picture is about like preparing for a dinner 
party. You wish it to be one your friends will remember pleasantly. 
Many things will contribute to its success or failure. You hope your 
guests will come with keen expectation and will not be disappointed. 
Your home is always delightful, you are a good hose, bur you know chat 
these particular people especially appreciate tasty, well prepared foods. 
Your favorite roast, its gravy flavored just to a king's caste: yonr 
particularly incomparable biscuits: and a relaxing evening to enjoy 
it all. Everything else is sure to be right but what if the cook fails you 
just this once [ What if she is distracted by the children and puts coo 
much salt is the gravy, or lets the biscuits burn? Well, at least she 
usually succeeds in making even the toughest meat moderately tender. 
You have cautioned the one who serves Co be sue everything comes to 
the table at jnst the right temperature. Ac the bst moment you go to 
the kltcbeu for one last smeU. and then hope it will all arrive safety. 

The producer has planned a perfect menu. His director has secured 
the finest foods. He has even grown most of them himself. The editor 
and recorder cook the meal, it is put into dishes by the laboratory, and 
is given to a theatre manager to serve. 

It is difficult to consider the functions of editing and rV'Cecording 
separately. Editing oc “cutting’' has been commonly considered to 
mean the assembly of the picture scenes and their corresponding aonsd 
lu such fashion chat the dramatic situations are presented forcefully in 
accordance with the plans of the producer. Re-recording or “dubbing" 
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was oQce the vnavoidabU process by which occasional necessary music 
or other effects were inserted into a sequence. This is no longer the 
case. Both the editor and the rc'cecocder must constantly have in mind 
the one conimon aim—^how wiU the picture cell the stocy in the theatre? 
The editor must be more than picrure*consciou8. just as the ce-recoxder 
must be more than sound'COnscious. Each must be a master of technique 
of various kinds, for morion pictures are inherently a technical product. 
Primarily, though, these men must be master judges of how best to 
put the producer’s story across ia a picture theatre. Their responsibility 
in this may exceed even the producer's, for they may be more familiar 
with the changing technical aspects of such presentation. They are 
showmen, and as such each is interested in the whole show, and not 
merely parts of it. 

What makes up this show id a theatre? From a story standpoint, 
the sequences must be planned, shot and assembled into film with 
dtamaiic effectiveness, and this film must then be projected properly 
in the theatre. The picture must be focused sharply, with uniform, 
adequate illumination, on a carefully matted screen, of the most effeC' 
live size foe the particular theatre. The sound must be of the proper 
loudness, and free from distortions which might make it unintelligible, 
harsh, or disagreeable. The matter of effective presentation in the 
theatre now rests with the theatre owner and bis manager and pro* 
jectionist. Bach must take a real interest in the mechanical perfotmaoce 
of the theatre and all its facilities. The technique of good theatre 
presentation is discussed els^here in this book. 

The process of releasing a picture divides naturally between several 
groups of people. The function of the laboratory is to intercut the 
negatives of the various picture and sound scenes in accordance with 
the “working" or "master" print prepared by the editor and re*recoider 
under the producer’s sapervidon. and then to make the necessary h- 
lease prinu for use in the cbeatces. 

The division of work between the editor and ce*recorder in pte' 
paring the master print is dictated by convenience and economy, Their 
work is not entirely simultaneous and involves different techniques 
which are quite specialized but still of a nature pexmlttlng effective team¬ 
work. Because of this, one editor can be "cutting" one picture while a 
re •recorder is working on the soond assembly of another picture, In 
this way. the equipment and personnel necessary for re-recording can 
be utilized most effidently. 

We may conveniently define the editing part of this process to 
include all of the selection and cutting together of film either for dra¬ 
matic or for technical reasons. We shall only touch upon this technique, 
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The re-recording part then indndes the assembly of the sound onto 
film suitable for theatre use. Of course, this is only one of the 
purposes for which re-recording may be employed. Re-recording is to 
sound what process photography is to the picture, and most of the 
tricb available in process photography have their equivalent in sound 
re-recording. 

Re-recording has four general purposes: To combine sound effects, 
to adjust loudness or quality, to secure additional or duplicate records, 
and to change the kind of record, as from disc to film or from push-pull 
crack to single track. 

These basic uses and their corollaries determine the nature of a re¬ 
recording channel. A stage recordiag channel uses one or more trans¬ 
mitters on the stage to initiate the electrical energy necessary for record¬ 
ing either on film or on disc. A re-recotding channel merely replaces 
these transmitters with film or disc reproducers upon which records are 
played. The natures of these records may be very different. The dia¬ 
logue may be from a film, music from film or several discs, and sound 
effects either from specially synchroniaed films or from loops of con¬ 
tinuously repeating sound which can be appropriauly mixed-in during 
a scene. Fundamenully, that is the only way in which the mechanics of 
re-recording differ from original recording- The methods of employing 
sUge and re-recording channels are quite different, however, which 
becomes strikingly apparent when the entire subject of recording and 
reproducing motion picture sound is examined. Let us do that briefly. 

1. THE GENERAL PROBLEM 

We desire sound in the theatre which will seem so natural when 
heard with the picture, that the observers feel they are a part of the scene, 
or at least that they are viewing the production through a large opening 
in the end of the theatre. The specific technical requirements necessary 
to achieve this result are discussed elsewhere in this book. 

2. EARLY SOLUTIONS 

In the earliest sound pictures, a frequency band from about 100 to 
5,500 c.p.s. was reproduced, the width of this frequency band being 
limited primarily by the theatre horns. Because of the limited fre¬ 
quency range and the use of simple horns, phase distortion was unlin- 
portanc. The volume ranges of recording media were about 20 db from 
surface noUe to maximum modulation, but, by accepting objectionable 
surface noise, 30 to 35 db of recorded volume could be secured in prac¬ 
tice, There was little variety between scenes, whole reels commonly 
b«ng made with one microphone placement. Music aud sound effects 
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were recorded at (he time the action' was photographed and re-recording 
waa Dsoally oot required or'employed. 

As time passed, scenes became shorter, several, being re-cecorded 
from intercut film or from a number of discs, to reel-length discs for 
release. Some pictures were released with Che sound printed on the film 
from intercut original sound negative. Adding effects by re-recording 
was still Dncommon. Level changes in the theatre, if made at all. were 
dependent upon “Cue Sbeet&“ furnished cotbe theatre by the studio and 
according CO which the projecciooist made changes in the fader or ampli¬ 
fier gain. 

Gradually the method of adjusting volume of variable density 
recording by changes in track density came into use. This is a valuable 
attribute of this system of recording which is still used. Planned use 
of this technique permits soft sequences, even in re-recorded track, to be 
printed darker than usual with the sarne resulting sound volume but 
with lower surface noise than normal density track having low modula¬ 
tion. In difficult re-recording, undesired level variations may occur in an 
otherwise acceptable re*recorded track. In the variable density system 
these can be corrected in the prints, but with variable area there is. at 
present, no easy cute. This feature makes variable density especially 
useful as a release medium. 

3. INFLUENCE OF NOISE REDUCTION 

Noise reduction systems became available for both variable area 
and variable density recording. These extended rhe useful volume 
range of variable density 6 to 10 db and of variable area about 12 db. 
At the same time the usefulness of re-recording was becoming more 
apparent. Re-recording permitted sequences to be shot in short scenes, 
or in different secs, or even on different days. Continuous background 
noises could be added later, and level and quality differences between 
original scenes corrected. Use of noise reduction on both original and 
re-recorded tracks reduced the surface noise to a somewhat commercial 
amount in spite of the increase due to re-recording. This increase is 3 db 
if the noise in the original record and in rhe re-recording medium are 
equal. Because of the random frequency spectrum of noise it combines in 
a root-mean-square manner. That is. 

It is apparent that if either the original or the re-recording medium 
had even moderately increased noise reduction, the r^lting total noise 
would be but little more than that of the noisier medium alone. 
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4. MODERN SOLUTIONS 

The comparative freedom in production technique and the control 
of the release product, resulting from a policy of complete re-recording, 
caused several srudios to adopt such a policy soon after noise teducdon 
became available. The increasing use of process photography caused 
others to rS'record more and mote until now most productions are 
completely re-recorded, Conventional film recording methods were 
designed for pcintiug the sound on the film beside the picture, They are 
still commonly used in this manner for rhearre release. They had 
certain defects, however, which could be reduced by operation of two 
such tracks in “push-puU" (see’Chapter III). If this push-pull track 
could be used for cbe original recording, the noise and distortion in the 
te-recorded film would be little more than that to which we had pre¬ 
viously been accustomed in original records, and we could gain the 
great conveniences of re-recordlng at little quality cost. Not only has 
this been accomplished, bur push-pull track has been adapted to the 
re*recording stage as well, and many modern theatres are equipped to 
reproduce such track. (See Chapter X.) 

When this technique is augmented by the use of the squeeze mat, 
volume ranges of 55 to 60 db from roaximum modulation iu loud 
parts CO minimum modubtion (surface noise line) in soft parts are 
easily obtained in conventional theatres without changing the theatre 
fader setr/np. 

If. in addiKon, the theatre can be equipped with the very inexpensive 
equalizer for reproducing track made with the complemenracy record¬ 
ing technique, 6 to S db more range is possible. 

It seems improbable that more than 80 db range, according to the 
above definition, will ever be requited, 

5. MODERN DISTORTION REQUIREMENTS 

It is most important to remember that sound, as currently recorded 
for picture use, passes through two acoustical, six mechanical, three elec¬ 
trical, six optical, and four chemical states; and twenty*four transfor¬ 
mations between and within these states, at least twelve of which take 
place in the presence of superimposed mechauical movement. 

Total quality distortions of 2 to 3 are detectable and little more is 
acceptable. Therefore, the total combined effect of all the partblly non¬ 
linear elements such as vacuum tubes, iron-cored coils, film character¬ 
istics. and the transformations outlined above, must be within this 
amount of distortion. The greatest teefanica! difficulty in re-recording 
is to keeo errors and distortion so small that the combination of two of 
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them 18 not obJsctionabU, when one at a time they may not even be 
noticeable. 

6. RE-RECORDING IS A CREATIVE PROCESS 

When you hear a famons violinist in Carnegie Hall you chink o^ 
him only as a great creative artist—certainly not as a mechanical tech¬ 
nician. Yet, if you were to spend hour after hour with him daring 
practice, it is probable chat yoa would become quite conscious of the 
meticulous placing of his fingers on the scriugs, his bowing, and even 
the kind of strings used on the violin. If, during all this time he ap¬ 
peared by necessity ro be engrossed with lechtiique. it is quite possible 
rhat when you went to the concert you would stiJl think of him as a fine 
technician and of his violin as a mere mechanical tool. His concert would 
actually be just as beautiful a creation, but your point of view would 
have spoiled your appreciation of it. 

It is fortunate that the audience seeing a finished picture has not 
seen it being rehearsed over and over again in the re-recording rooms. 
If the re-recorder Is successful, the audience is not couscious of his 
technique but only of the result achieved. The director and producer 
watching the re-recorder work out the details, however, tnay think 
him and his tools very mechanical, for in spite of what is going 
on inside his head (the important part of re-recording). his hands are 
performing a multitude of mechanical opyxations. and his conversations 
with his assistants are In terms of machines. 

7- RE-RECORDING TECHNIQUE 

A re-recording monitoring rc>Qm is a miniature theatre or projection 
room, with a picture screen, horn system behind it. and a large table on 
which are placed all the conctols the ce-recorder must manipulate. 

The acoustic qualities of this xoom are imporunr. It must sound 
as neatly as possible like a representatively large theatre. In fact, st is 
desirable for alf projection rooms and theatres to sound alike. Then 
the product made or judged in one room will be equally good in 
rbe others as well as in the releasing theatres. These projection rooms 
need not necessarily be tb* same dze, if each is properly made for its size. 

The basic re-recording channel znay be considered ro be merely a 
projection channel exactly as in a theatre. A track played in the re¬ 
recording room should then theoretically sound the same as in the 
theatre. At a convenient place in this channel, as close Co the horns as 
practicable, a recording machine Is connected. If chis recording operation 
does not distort, then the resulting re-recorded film (from which the 
process gets its name), should reproduce exactly what the re-recorder 
heard during the re-recording operation. It is most important that this 
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discinction be cleat; that the re-recording operation records what tfn 
re-recorder hearz and does not rwcsssarily duplicate any original record. 
If the te-recotdet is completely satisfied with the original, and docs not 
modify it in any way. then the re-recording will duplicate it. If 
different recording media are used for the re-recording operation, and 
each has different degrees of inherent frequency distortion, individual 
recorder equalizers (see Chapter XVI) must be used which will permit 
each record to sound as nearly as possible like the monitoriBg, Inas¬ 
much as the purpose is to record exactly what goes into the reproducing 
horns, it is desirable that there be as little circuit between the recording 
machine and the horns as is practicable, and that the amplifiers which 
supply the energy to the horns and to the recorder be stable in order 
that the relative levels and quality of the two may be constant. Photo¬ 
electric cell monitoring i$ unnecessary, for modern modulators are quite 
dependable and probably have less variation than a complicated moni' 
toring device and circuit. 

There ace other methods of connecting and operating re-recording 
channels but none seems quite as simple as the one described above. 

The re-recording mixer works primarily by ear, merely using his 
volume indicator to show the percentage of modulation of the film under 
different adjustments of bis chaonel. The volume indicator is like 
a speedometer—you only look at it when you are about to exceed the 
speed limit. In ordinary driving you keep your eyes and your mind on 
rbe road, and there is no need for the speedometer. 

The le-cecording mixer has a number of volume controls, one for 
each record he is reproducing. He can insert equalizers into one or more 
of these circuits if the frequency characteristics are not as desired. With 
certain modern arrangements of volume and equalizer controls, one 
operator can usually mix five or six tracks and make necessary quality 
adjustments. 

8 . RE-RECORDING FOR DUPLICATE RECORDS 

The operation of duplicating an original record, or transferring 
it to another recording medium with its sound quality and levels un¬ 
changed, has been described above. If more than one duplicate is needed, 
or if more than one type of new record ia required, additional recording 
machines are connected to the circuit through their proper equalizers. 
If dnplicarioD iuto the same recording medium Is desired it can often 
be done by photographic ’'duping.*' thus preserving any numbers aud 
identification marks which may be oo the original film, and assuring 
the same percentage mcxlulation as the original (not always easily 
accomplished in re-recording). 
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Tbr method of determbiog the de^ed recorder equalizer char* 
accerlstic is ^mple. A recording is made of single frequency oscillator 
tones covering in steps the range from 50 to S.OOO cycles. Equal 
energy is supplied to the modulacor amplider at each frequency. This 
record then is re*reeorded in a channel as described above« except that 
there is as yet no recorder equalizer. The original frequency record and 
the re*recorded record are then compared by measuring the voltage de¬ 
veloped at each frequency when the records are reproduced into a volt- 
merer instead of into the usual horns. An equalizer is then designed 
which will cause the re-recording to match the original, which is in¬ 
serted in rhe circuit and the test repeated as a check. The re-recording 
should now match the original. This equalizer should be adjusted pre¬ 
cisely as departure of as little as 1 db in this range can be discerned by ear 
in music and dialogue. 

The re-recording operation must also be free of phase and volume 
distorcioo. Phase distortion 1$ limited by using as simple a channel 
as possible, with coils having high e^iency at frequencies even below 
the desired 50 cycle minimum, and equalizers which do not introduce 
unnecessarily large phase shifts at low frequencies. 

Volume and frequency distortion are checked in a similar manner. 
A recording is made of a single oscillator tone, reducing its level in steps 
from full modulation to perhaps 30 db down. This record is re-recorded 
and compared with the original as desaibed above. If either record fails 
to reproduce the original variations of oscillator level, volume distor¬ 
tion exists and must be corrected. The degree of distortion in the re¬ 
recording channel u indicated by the dif erence between the two records. 

9 . RE-RECORDING TO COMBINE SOUND EFFECTS 

Re-recording is the sound equivalent of process photography, and 

ranges from adding a bit of crowd noise or a door knock in a single scene. 
Co construction of a complete sound accompaniment to a picture sequence 
originally photographed silent. 

The mechanics consist simply of placing desired sounds—dialogue, 
music, or other effects—at the proper place in two or more tracks, re¬ 
producing the tracks simultaneously, and controlling the louduess of 
each so chat the desired effect is heard from the horns. The composite 
result is recorded as described above. 

10. PREPARATION OF TRACKS 

This editing operation is so closely related to re-recordlng that it 
should be considered brieHy. 

The sound recorded at the time the picture was pbocogcaphed 
is cut simultaneously with the picture. Sound and oicture should be 
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synchronized within two sprocket holes* end be kept in syncbzonUm 
while editing by running them over sprocket wheels moncted on a 
common shaft. Orbec tracks, if required, are run over additional 
sprockets on the same shaft. If the sound recorded with the scene is not 
entirely adequate, suitable sound effects to make it so are selected from 
a film library and are cut into additional tracks at the appropriate places. 
It is desirable that a minlmujfi number of tracks be used. but. on the 
other band, it is laconvenienc to jump fzx>m dialogne to sound elfects 
to music in one track. It is customary to keep dialogue on one track, 
music on anotfaec, and sound effects on as many more as necessary. 

As the tracks for each picture reel are assembled, their contents are 
outlined ou a prepared fonn which serves to index the structure of 
the reel and to transmit or record editorial and technical instructions 
concerning its assembly. In one studio the reverse side of this form also 
serves as a record of all re*cecordmg done on the reel. The sheets 
representing each reel during its various prelaws and release ate always 
kept together, so that the entire history of the reel is available in one 
place, 

The selection of effects from the library and their construction into 
the cracks requites much imagination, ingenuity, and care. The effects 
must be realistic and of the proper perspective, for if false they can 
destroy the whole illusion of a sequence. If illusion of realitv is de¬ 
stroyed. the value of the motion picture U destroyed. 

11. COBABINING THE TRACKS 

The tracks can be mixed either for a realistic effect, or for a theatrical 
one. Realism puts quite strict limitatioos on the treatment. Theatrical 
effects usually utilize the exaggeration of eertain^souads beyond realism, 
or the omission of realistic sounds. The combinations hne are Umitleus. 

Studio or producer policies may determine the genera! treatment. 
Some favor realism; others lean toward fantasy. In this connection, 
the manner of using music is important. If music is required by the 
action, it is a realistic eff<et-r4f merely foi creating a mood, as an under¬ 
score during a dialogue sequence, it rends to destroy realism. The 
nature and treatment of the picture rather automatically determine 
how music should be used. If the story is being told by dialogue, sound 
effects must be subjugated. In other places.perbaps, the effects tell the 
story and may dominate the dialogue. Variety in treatment is refreab- 
ing if reasonable. 

12. R£-RECORDING TO ADJUST LEVELS 
AND QUALITY 

When sound is recorded in different sets, with different channels, 
under different monitoring conditions, many variations of level and 
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quality unavoidably result. In addition, actors may not speak quite 
the same in consecutive picture scenes, or they may even have a cold and 
distorted voice quality. One set may be heavily draped, and sound dull: 
another with mirrors all around will redect sound abonc as efFeetively 
as light. Reverberant sound will seem loud though its energy content 
may be small. 

The finally released picture must seem so smooth that it will appear 
to have been photographed and recorded in one long continuous opera* 
tioQ. Re-recording U especially useful for this purpose. Level adjust¬ 
ment is inherent to it. The proper level for sound is determined very 
definitely by the action. The sound must appear to come from the pic¬ 
ture on the screen. Because of the enlarged picture the proper loudness 
is somewhat greater than in life, usually 6 to 12 db. If too soft, it will 
seem remote, behind the screen, and if too loud it will be grotesque. 
The director's and actor's interpretation of the scene cannot be changed 
appreciably in re-recording by making the sound loud or soft. This 
would merely make the scene artificially unreal. 

Ac present the setting of absolute loudness in the theatre must be 
determined by the theatre manager or projectionist. The re-recording 
mixer tries to help determine the proper loudness by the range of loud¬ 
ness he builds into the picture. If both whispers and shouts sound na¬ 
tural and convincing in the theatre, the sound is probably being well 
projected. Pictures are so constructed that if the dialogue is played 
at the proper level all effect and musical sequences latlt automatU 
colly be of the desired loudnesc without changing the theatre 
amplification. 

The standard of quality is always. “Does it sound like the real 
thing?" Most of the public have never heard a picture actor's actual 
voice, but everyone knows whether his picture voice sounds human and 
natural. 

Most of us hear with two ears. Present recording systems hear as if 
with only one. and adjustments of quality must be made electrically or 
acoustically to simulate the effect of two ears. Cover one ear and note 
how voices become more masked by surrounding noises. This effect is 
overcome in recording, parrially by the use of a somewhat directional 
microphone which discriminates against sound coming from the back 
and sides of the microphone, and partially by placing the microphone a 
little closer to the actor than we normally should have our ears. 

This closeness tends to accentuate the low and high frequencies in 
the record, and make it both boomy and spitty. 
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L osses of high frequencies inbecent to recording processes tend to 
be!p correct (be splttiness. but cbe boominess remainsr which in turn 
is accentuated by the loudness required for good illusion In the theatre. 
This boominess can be reduced in a number of ways, all of them 
amouating to "equalization.” 

Equallzaiioc can have many forms, as it is merely the use of reactive 
networks of one kind or another to give a system a desired relative trans¬ 
mission ability at different frequencies. The name originated from 
use in telephone circuits to counteract dUtortlons which were otherwise 
unavoidable. This is siill Its primary use in recording. Since it is a 
counteractive distortion when so usedi it is easy to see that it must be 
used intelligently or undesired new dtscoriion will result. It can 
naturally be used to produce a controlled degree of distortion if desired. 

Equalizing networks ordioarlly are made with electrical reactances, 
but there are acoustical and mechanical reactances which can be used If 
convenient. Cavities in a microphone or loud-speaker and the mechani¬ 
cal resonance of light valve ilbbous are examples. If a system is free from 
volume distortion, equalization can be Introduced at any convenient 
point in the system with equal effectiveness. Amplifier systems, how¬ 
ever. are not entirely free from volome distortion and this must be 
considered carefully in the design and use of equalizers. In addition, 
operating convenience often dictates the point in a system at which 
equalizers can best be used. A small fixed amount of low-frequency 
attenuation Is sometimes used Id the stage recording channel to reduce 
excessive boominess. In general, it Is better practice to do corrective 
equalizing only while re-recording. Variations in quality can only be 
corrected after the picture is edited. In addition, the small group 
of re-recorders, working under standard, consisteot monitoring con¬ 
ditions. closely in conuct with release requirements, is better able 
CO judge what treatment is required than a large group of stage mixers 
working under a variety of monitor conditions not particularly repre¬ 
sentative of theatres. Rather complex and bulky equalizer equipment 
is sometimes required, which can only be provided conveniently In the 
re-tecording rooms. Variable equalizers may provide means to ac¬ 
centuate or reduce narrow or wide bands of frequencies tbtougbout the 
entire frequency range. Fixed networks may be employed to counteract 
or produce specific, frequently encountered, distortions. Unusual prob¬ 
lems may requite the design and conscructloo of special networks. Iri 
general, corrective networks should haye the same nominal impedance as 
the circuit In which they will be inserted, and, as far as possible, should 
be of symmetrical constant resistance structure so that they can be used 
in tandem In any combination which may be required. 
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In th« choice and use of corrective equalizers, a ce-recorder can only 
be guided by ear- The nature and amount of correction must be deter¬ 
mined by trial- 

It is important to understand that phase and volume distortions 
cannot be corrected by attenuation equalizers. Reverberation is a phase 
—an echo, really, which cannot be removed from a record but 
which can sometimes be added. Volume distortion could only be cor¬ 
rected by introducing an inverse distortion in most cases, an almost 
impossible feat. 

Another type of qiulity change sometimes utilized is to vary the 
pitch of a sound, which is accomplished by operating either the repro- 
ducer or the recorder at other than normal speed. This naturally affects 
the duration of the sound in proportion to the speed and pitch change. 
However, the harmonic relationship of overtones are not upset, so 
moderate changes do not cause unintelligibility in dialogue or harsh¬ 
ness in music. Such a change does modify the quality of the sound in 
addition to changing its pitch. A masculine voice raised an octave by 
this means would sound feminine. 

13. SUMMARY 

We are painting a picture. All of the mechanics we employ, whether 
acting, directing, photography or recording, are the brushes with which 
the thought colors are spread on the theatre screen. If one can get a 
better effect by smearing the paint on with his thumb than by using a 
more conventional tool, there is reason for doing it. Progress results 
from new tools developed to meet new needs. 



Chapter VI 


MICROPHONES 

L. U. CLARJC 


I. TYPES 

A microphone sj an electro-acoustic transducer, actuated by either 
the pressure produced by, or the velocity of, sound waves, which con¬ 
verts acoustic energy into electrical energy. 

Theoretically, the curtent wave produced in the electric circuit 
should follow exactly the pattern of the pressure wave, and any differ¬ 
ences in the two waves are the result of some deficiency in the micro¬ 
phone, The microphones most commonly used in studio work are, in 
historical order: carbon, condenser, dynamic or moving coil, ribbon or 
velocity, and crystal. 

These can be divided into two groups; pressure operated devices, 
including the carbon, condenser, dynamic, and crystal: and the velocity 
operated device, of which the ribbon is an example. Of the first group, 
the carbon, condenser, and crystal are tuned; the dynamic, untuned. 

The condenser, dynamic and ribbon are the most commonly used. 

The output of these microphones varies from about minus 40 to 
minus 80 db, compared to a reference level of one volt open circuit per 
bar of acoustical pressure (1 bar equals 1 dyne per sq, cm.). Such a 
small output requires a great amount of amplification, and in some 
cases the first, or microphone amplifier, is actually contained within cbe 
microphone housing itself to reduce losses due to amplifier leads. 

The output impedances vary from a few ohms to several thousand 
ohms. The high impedance instruments must have their amplifiers in 
the same housing to reduce losses, but the output from the low im¬ 
pedance microphones can be carried over a considerable distance. 

2. CARBON MICROPHONE 

The carbon microphone is the oldest type, operating upon the 
principle that the resistance of a mass of carbon granules varies with the 
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pressure applied. A direct cnirent passes 
through the carbon, and vaciations in 
pressure caose direct'Current variations 
which theoretically follow the pressure 
changes. A transformer is inserted in the 
microphone circuit which allows only the 
alternating portion of the current to be 
delivered to the amplifier cixcntt. 

Commercial units of this type usually 
employ two such masses of carbon (the 
so-called double-button carbon micro¬ 
phone) to reduce amplitude distortion. 

Figure 42 shows a graph of the resistance of the circuit plotted 
against the position of the diaphragm. At 2 ero displacement the resist¬ 
ance has some value and as the diaphragm is dispbced. distortion 
results as the curve is not linear. The double-button microphone 
attempts to correct this by superimposing an opposite curve of the same 
type upon the first in a push-pull circuit, which reduces not only the 
distortion but also the sensitivity. 



42 — Diapbngsi Uu* 
pUeeneat of t estboa 
sikropboae. 



Rswt 43 - A — Scbcmitic of 
urboii 2 nkr^b«ae ciRoit 



Figate 43-fi~EI«cirieal wave io mieto- 

pbdae cireeie ebowisg (be conapond- 
iag prtaeuR wave. 


Figure 43-A shows a schematic circuit of such a microphone. Figure 
43'B gives a simplified pressure wave and the corresponding decttical 
wave if no distortion is present. The current 7 delivered to the amplifier 
is 

. (17) 

where la is the total cuneot at any instant through the microphone 
circuit, and Ipc u tbc no-signal or unmodulated direct current. 
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Figure 44 shows this rnicrophone as commerdally manufactured. 
The disadvantages of this micropbone ate: High fioise leveh general 
mstabilicy of frequency characteristic, and tendency of the carbon 
granules to pack together. 



— Shefiit/ X*r««<ea XrWtKli, /m. 

Figore 44 — CarSwi cBtcrophoae. 

The hiss or background noise is due to the great number of contacts 
presented by the large number of granules of carbon. 

The sensitivity depends upon the condition of the carbon, and is 
affected by vibration, position, handling/ etc., and so the microphone 
is very apt to lose its calibration. 

This microphone is not used in the studios because of stability and 
noise-level requirements which it cannot meet. 

3. CONDENSER. MICROPHONE 

The condenser microphone derives its name from the face that its 
operation depends upon the variation in the capacitance between two 
plates. One plate, the diaphragm, is movable and the other is fixed, the 
two forming a variable condenser in 
which the distance between the pbtes 
is the variable element. A dtrecC'Cnr- 
rent potential is applied to the two 
plates through a high resistance, and as 
the diaphragm vibrates and produces a 
corresponding change in capacity, volt¬ 
age variations appear across the series 
reeiscor. This voltage can then be amplified, and since the resistor aaoss 
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which it Is developed is very high, the first amplifier tube Is usually 
coupled through a small capacitor to the tesUtor. 

1q microphones of this type now in use the impedance is high, 
and the amplifier immediately associated with the microphone is in the 
same housing. 

Figure 45 shows a schematic wiring diagram of a condenser micrO' 
phone, using a resistance coupling, while Figure 46 shows a eros^* 
section of a typical condenser microphone. 



—Sr fnittUi t. r*mw a«eii C«.. ImJ, 

Figure ^6 — CrosS'SKtioa ol ceadeoMe airto^ede. 

The diaphragm is duraluminum and stretched so that Its resonant 
p>oinC IS well up in the recording band. The overall diameter Is only 
about three inches, and as a consequence the plates muse be relatively 
close together to have an appreciable capacitance^ The gas trapped in the 
small space between the plates acquires a stiffness and viscous damping 
and its action results in raising the frequency of resonance. The effect 
of this resonance is minimized by designing the microphone so that 
the resonance mentioned above occurs at the extreme upper end of the 
frequency range. 

In order that the stiffness of tbe trapped air be relatively constant 
with frequency, tbs usual design divides tbe back plate into a number 
of small sections by means of crosscut grooves or concentric rings. 

Equalization is provided to cake care of variations in atmospheric 
pressure. Tbis Is shown in Figure 46 as the compensating diaphragm. 

(a) Cavity Resonance 

The condenaer microphone is so constructed that there, is a cavity 
or air pocket in front of the diaphragm (see Fignte 46). At the 
fundamental frequency of vibration of this cavity, tbe pressure may 
build up to twice the value it would have if thU cavity were not present. 
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The resonant point is usnally in the neighborhood of 3,500 c.p.s.. 
depending on the dimenaioos of the cavity, and has a magnitude of 
about 5 db at this frequency for waves approaching near the axis of 
the microphone. 

The magnitude of the cavity resonance has been reduced in some 
microphones by modifying the housing so that the diaphragm is flush 
with the face of the microphone. 

(b) Ptessore'DoBbling Effect 

If the frequency of a sound is high and its wave length small com* 
pared to the size of the diaphragm, part of the sound wave b actually 
stopped, and the pressure at the diaphragm increased. In the high' 
frequency range, the sensitivity of the microphone may be inaeased as 
much as 6 db. The actual frequency at which chb increase takes place 
depends upon the size of diaphragm and mounting. 



Figure A7 — Ml&utart <Ofiiienscr mtcxopboae (ERPl—D*9984S 
treaemUcer aoi^ier}. 

The effects of cavity resonance and pressure doubling on the response 
characteristic of a condenser microphone are shown in Figure 58. These 
effects are additive and give rise to the peak in the region of 3,000 cycles: 
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pressure*doubling contributing appro^cimately 6 db. and cavity reso* 
nance 5 db. 

The condenser microphone has a higher impedance, a lower 
sensitivity, and a much lower noise^level than the carbon type, and is 
affected by cavity, diaphragm, and air-pocket resonances (the last two 
being damped). and, in sizes now commercially available, by pressure- 
doubling. I IS response characteristic is comparatively stable, and it is 
not affected appreciably by temperature, humidity or ordinary handling. 

A smaller Improved type of condenser microphone is now available 
commercially. The diaphragm, bnilt flush with the face of the bousing, 
has a diameter of apprcxiroately 0.6 of an inch. 

Figure 47 shows the new type miniature condenser microphone 
(usually termed Baby Condenser) with Its associated amplifler. The 
size of the microphone element itself is about eight-tenths of an inch 
in diameter by approximately an inch in length. 

The reduction in size shifts the cavity resonant peak from the 
3.000 cycle neighborhood of larger condenser microphones to the high- 
frequency range at approximately 20.000 cycles. 

The efficiency is approximately the same, compared to the larger 
microphone, as the proportion of "dead" to "active" capacitance is 
much lower, and for this reason the voltage on the grid of the first 
amplifier tube Is the same in both cases and no increase in noise results. 

Still further reductions in size have been considered in an attempt 
to improve reflection and phase diffeceoce effects but the results were of 
negligible importance within the audible frequency range. 

A flatter response curve is obtsined from this smaller micfopbone 
(see Figure 58) due to the decrease In diameter and the elimination 
of the cavity. 

4. DYNAMIC OR MOVING COIL MICROPHONE 

This microphone operates upon the principle that a coil, when 
moved through a magnetic field, will have an e.zn.f. induced in it. 
It consists mainly of a diaphragm to which a coll is rigidly fixed, the 
diaphragm vibrating in response to the sound waves striking its sur¬ 
face and causing the coil to vibrate in like manner, cutting magnetic lines 
of force. 

By the very nature of this design, the mass of the moving parts is 
relatively large, and acoustic networks must be used in order to give a 
flatter response. 
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Figure 49 ehovs a cross'scction of a dynamie microphone. It will 
be noticed chat tht diaphragm is crowned and the voice coil placed ae 
the edge of the crown, and chat there is an acoustic netivork coupled to 
the diaphragm. 



itnM«6 Prt^wrii, l/tt. 

Figure 4S — DynABiic oiciapbooes. 


This microphone has a higher sensitivity than the ribbon, a 
low-bias characteristic, (ow impedance, and tesonanc peaks which are 


AIM net 



~Owt«iT tUvikal Amwtk hndmtiit /m. 
Pigate 49 — Cross*secdoBa] view of a dyoafflk aicrophoiu. 

acoasdcally damped. The response characteriscic (see Figure 58) is 
good, but not always uniform from one microphone to another of the 
same type. 
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5. RIBBON MICROPHONE 

The ribbon microphone consists of a very light* corrugated metallic 
ribbon suspended under negligible tension in a magnetic field and free¬ 
ly accessible to air vibrations from both sides. The ribbon vibrates is 
the magnetic field under the action of tbe difference in pressure existing 
between the two sides and this vibration induces an e.m.f. in the 
ribbon. Altbougb tbe ^netated e.m.f. of this type mictopbone is 
low* its impedance is low and. therefore, the efficiency is of the same 
order of magnitude as tbe condenser and dynamic microphones. 

In order chat tbe ribbon or dia¬ 
phragm move, it must be actuated by 
the pressure of the sound wave. This 
is true for all types of microphones, 
including the ribbon, or velocity mi- 
ctophone, which is operated by the 
pressure difference between the front 
and back. Strictly speaking, it should 
not be called a velocity microphone, 
but a pressure-gradient microphone. 

Although the sensitivity of this 
type microphone is low. its amplifier 
need not necessarily be in the same 
housing, as its impedance is also very 
low. 

Its response characteristic is the 
best of all type microphones with the 
possible exception of tbe crystal, but 
there is a characteristic middle*fre¬ 
quency bum which is troublesome 
when the microphone is used for dia¬ 
logue recording, but when used for 
music (its most frequent use in tbe 
studios) this hiss is not apparent. 

It is, however, easily overloaded, and sudden sounds such as gun 
shots, explosions, etc. may blow the ribbon entirely out of the air gap. 

Figure 50 shows a ribbon mictopbone. 

6. UNI-DIRECTIONAL MICROPHONE 

The uni-directional miccophone Is a microphone .that is partly 
pressure and partly pressure-gradient operated. The moving element 
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Fisore 50 Ribbon mUropbaoe. 
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U again a ribbon, boc it is divided into two sections. One section acts 
as a pxessnre* gradient microphone as described above. The other sec* 
lion is closed at the back by means of an acoustic labyrinth which 
removes the pressure from the rear. Thus the lower section of the 
ribbon is a pressure-opera red device. 


The output voltages of the two 
sections of the ribbon are in series. For 
sounds coming from tbe front, tbe de* 
veioped voltages add. but for sounds 
coming from tbe rear, these voltages 
are 180* out-of-phase and. tbecefoce. 
cancel. Figure 57 shows the direc* 
rional characteristic of (a). a pressure* 
gradient micropboae; (b). a pressure 
microphone; and (c). the combination 
of these to make a uni-direciional 
microphone. 


The oni-direcnonal microphone is 
used where it is desired to dbcciuiinate 
against sounds coming from tbe rear 
of tbe microphone and which woold 
be picked np by a piessnre'gradient 
microphone. It also has a wider pick¬ 
up angle. 

7. CRYSTAL MICROPHONE 


The crystal microphone is one of 
the latest types to be developed 
(Figure 53). 


—Camttng JtCA 


Its opesaiion depends upon tbe 
principle that: certain crystals have 
piezo-electtic. properties, that is. the 
crystal develops electrical charges on certain surfaces when subjected to 
mechanical stress. 


Fifttte 51 —*> Uai-duceriimii 
mkropbetie. 


The usual construction is such that the sound pressure causes the 
ciysCaJ to be bent, and as a consequence of tbe strain, voltages are 
produced which are proportional to the pressures of the sound waves. 

The crystal miaopbone has a very good characteristic, provided 
there are no temperature changes dnriog recording. Tbe resonant peaks 
are above, the audible range, and the inberent hiss is low. However, the 
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impedance is very high, sensicivity low. and the microphone is unstable 
when subjected to humidity and temperature changes, 



Fiffon 52 ~ Sinseo’s microphone. 


For these reasons, this type microphone is 
excellent as a test microphone, hut is only used 
in pcodnedon on musical stages where tempeta- 
ture and humidity conditions can be rigidly 
controlled. 

The sensitivity may be increased by the 
use of a diaphragm mechanically linked to the 
crystal. Through this lever action obtained, a 
greater force, for any given sound pressure, is 
applied Co the crystal surface. This type is not 
used in the stxidios as this constroccioii results 
in resonant peaks in the audible range. 



The output of these microphones can be 
carried chiougfa a concentric cable to a separate 
amplifier (maTimiim of 50 ft) resulting in a 
reduction m output level without varying tbe 


AruA O«*ri09« 
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frequency characteristic. 
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8. DIRECTIONAL EFFECTS OF MICROPHONES 


T&e directioDa] effects of pressure*operaced microphones depend 
upon the size of the microphone* because as the size of the diaphragm 
decreases* the microphone tends to act more as a "point*' receiver of 
sonnd, and the effect of pressure doubling decreases rapidly. 

Figure 54 shows the typical response ai various angles of incidence 
of dynamic microphones of different sizes. Figure 5 4-A gives the re¬ 
sponse of a microphone, the diameter of which is approximately 
while Figcre 54>B gives the response for this microphone when 
equipped with attachments to give a directional quality. Figure 54-C 
gives the response of a microphone with a diameter of 3^4"- 

The directional effects of the pressure*gradient devices depend upon 
(he angle of incidence of the sound wave with respect to the cibbob 
surface. Figure 55-A shows the response of such a microphone at 



Figort 55'A. Figore 55*B. 

aCA C«. 

various angles of incidence. If the sound wave is approaching the ribbon 
normal to its surface, the air particles have a much greater surface to act 
upon, and consequently affect the ribbon to a much greater extent than 
if approaching from an angle on either side of the normal. 

From Figure 56 it may be seen chat . /' 

when a sound wave is approaching from the ^ / 

direction indicated* the effective surface of *'*< 

the ribbon is no longer S but S', and the 

result is a weaker response from the ribbon. ^ ..a—j 

Figure 55'A shows chat this effect Is much Figon 56. 

more critical as the sound approaches nearly parallel to the plane of the 
ribbon. 

Figure 55'B shows typical direcrional rhaiacCeristics for pressure* 
operated microphones. 
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Figure 57 shows the directional effect of the uni-directional micro* 
phone. The velocity effect (a) combines with the pressure effect (b) 
in an additive manner on one side of the microphone axis, and in a 
neutralizing manner on the other side of the axis, giving the combined 
result as shown at (c). 



Pigdre S7 — CanpapMa of dimiioul etunettrUdes of 
vHoeitT (a), presore (b). (e). a eombisaHoft of 

pnssBR* aod vriocbp'OptriKd devicee. 


The cequicemeats for microphones for motion picture production 
are soch that they seldom can be placed in the ideal position for sound 
pickup, as camera lines, microphone shadows, etc., must be taken into 
consideration when the microphone placement is being made. As a 
consequence, the microphone position Is in most cases a compromise. 
This resnlts in the use of microphones which are not too critical in their 
placement and which are fool-proof and uniform under operating 
conditions, even though under laboratory conditions they might not 
prove to be technically the best instruments. 
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Chapter VII 

HEADPHONES AND LOUD-SPEAKERS 

By L. E. CLARK end JOHN K. HILLIARD 

Headphones and loud-speakers are elecao-acoostic ttaosducers 
which receive power from an electxial system* convecc ic co mechanical 
power, and then deliver icto an acoustic system. This transfer is nsnally 
made by the eleccciul current reacting with a magnetic field and causing 
an armature or coil of wire to vibrate in step with the current. 71)e arma¬ 
ture or coil is mechanically connected to a diaphragm which in turn 
vibrates the air and produces sound. 

1. HEADPHONES 

Headphones, as their name implies, are used against the ear. and 
produce variations in pressure in the small volume of air crapped in the 
ear between the ear drum and the diaphragm of the phone. 



Figure 59 — TrP'Cil beadset OMd in the mdloe. left view Mxabled. 
rl^t rirv uaurembltd (£R?I No. 705). 

The electro-magoetic telephone receiver, which was the earliest mag¬ 
netic-type headphone, consists of ao iron diaphragm vibrated by the 
variations in a magnetic field produced by the electric current in cniU 

$3 
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pi ac«d over the pole tips of a permanent magnet. This receiver has a very 
poor frequency response characteristic, reprodneiog only the middle 
tones because of the sharp resonance of the diaphragm. 

A so-called high-fidelity headphone has recently been designed 
which employs a moving coil, or electro'dynamic. telephone receiver, 
similar in consrniccion to the moving coil microphone. The micro¬ 
phone and receiver cannot be used interchangeably, however, as their 
design reqnirementa are different. 

In the electro*dynamic receiver, the diaphragm is actuated by the 
force developed between a magnetic field and the electrical current flow* 
ing through the voice coil which is rigidly coupled to the diaphragm. 
As in tbe case of the microphone, the frequency response is smoothed 
out by an acoustic network coupled to the diaphragm. 

Another type of high-fidelity headphone employs a straight con* 
doctor, or ribbon, which serves the dual purpose of carrying tbe actuat¬ 
ing current and performing as a diaphragm. Its response is smoothed 
out by an acoustic network coupled to the* ribbon. 

High-fidelity headphones must be designed with a consideration of 
the effect of the acoustical properties of tbe ear. such as the air chamber 
in front of the ear drum. etc., and of the acoustic response of the ear. 
which has been discussed in Chapter 11. Account must also be taken 
of a nominal amount of leakage which occurs between the phone unit, 
and the ear. 

2. LOUD-SPEAKERS 

Loud'Speakers are electro-acoustic transducers designed to handle 
relatively large amounts of power, and to distribute the reproduced 
sound over a large area. They differ from headphones in that they must 
be able to produce more acoustic power and must radiate it into a differ* 
eot rype of receiver. Porcunacely, they are not subject to tbe same space 
and weight limitations which must be imposed upon headphones. In 
general. ]otid*$peaker$.ace unable to radiate low frequencies e^eiently 
because loss of coupling occurs between the diaphragm and tram^itting 
medium. For this reason they are usually used in conjunction with a 
bafile or horn. 

The earliest speakers were electro*magnetically operated and were 
very similar lo the electro-magnetic receiver. Some used a large cone 
for a radiating surface while others were merely powerful telephone 
receivers coupled to horns. They were subject to the same deficiencies 
in response as were the electro-magnetic receivers. 

Most present day loud-speakers are of the electro-dynamic type and 
employ either a diaphragm or a cone. For radio receivers and other low 
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power applications, the speaker is usually used in conjunction with a Ibt 
baffle to increase the low-frequency radiation. As the cone vibrates, the 
waves sent out from the front and from the back are ISO^ ouc-of-phase. 
and there is a tendency for the pressure built up in front of the cone to 



— ''AuIh 4 69 S. F. CVcmi fW frinJi 

(F, FltkVoc’s Sat tt Co.. Iti.). 

Figuie 60-^PrresDuae mpoose-fnquency ebaraneriscic of 8 inch 
cone loud'Spnlccr aovBied ia varipos sizes of sqaare balBei. Mezsore- 
menis in free spare, microphone dUuoce equal (O 10 feec. 


be relieved by a flow of air into the corresponding region behind (he 
cone instead of being radiated outward. This effect U of mote im¬ 
portance for low frequencies where the path between the front and 
back of the cone is an appreciable part of the wave length. The flat 
baffle increases this path, prevents the air flow, and consequently in¬ 
creases the low-frequency radiation from the cone. Figure 60 shows 
the frequency response of a cone speaker in baffles of different sizes. 

For motion picture theatre applications and other applications where 
large amounts of high quality acoustic power are required, horns or 
directional baffles are employed because of their much better perform¬ 
ance and their ability to direct the 
power into useful areas. The hocn 
functions much tn the same manner as 
the flat baffle in preventing pressure 
equalization and at the same lime re¬ 
sults in higher efflciency and desirable 
directional characteiisties. It can be thought of as an acoustic matching 
transformer that couples the relatively heavy diaphragm to the lighter 
air. 

It is general practice to use horns with an exponentially increasing 
cross-sectional area, i.e., the area Sj at a distance, X, from the throar 
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IS ($K Figure 61) 


where ^2 s= Area at throat 

Sx — Area at distance X from throat 
X s Distance from throat 

M ^ Constant which deteimuies the taper of the horn. 

The theory of boros shows that, while a horn of almost aoy 
shape will cause the impedance match to be attained at a low fre¬ 
quency. a horn of exponential shape will cause it to be attained at the 
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Figure 52 — Throat r«£sta(ic« of iafinlle paraholk. eonictl aad <xpoflr&(lel 
horns, bsvi&g the une tbroat opealsg aud the eeme <rou>uctioaal 
area at 1 00 eraiimeTers froa the threat. 

lowest frequency possible in any design. The impedance increases to a 
mazimnm value much more rapidly in an exponential born. Figure 
62 shows the throat resistance of different types of horns, 
resistance at the throat is given by 


where p = density of air 

C = velocity of sonnd 
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For frequencies below m =5 AfC/2, the resistance is zno. and the 
horn acting as a high'pass filter can radiate no power. Therefore, in the 
design of a practical born, it is necessary to choose M so char the cut-off 
frequency of the born is well below Ux lowest frequency to be radiated. 

In addition, consideration should be given to the site of the mooth. 
a Bsaal criterion being that its pfrimeter should be comparable Co the 
wave length of the lowest frequency it is to pass. The size of the throat 
is governed on one hand by the largest practical size of cone or dia 
phragm and on the other by the restrictions imposed on the length of the 
born by space requirements in the ihearre. etc. 

The remainder of this chapter is devoted to a description of the 
speaker mechaoisms and horns that are used in present day high quality 
reproducing systems. 

TWO-WAY HORN SYSTEM* 

S. INTRODUCTION 

The present investigation was undertaken with a two-foId purpose 
in mind: first, to study thoroughly the more important types of ex¬ 
tended range loud-speaker systems in current use, and second, to develop 
if possible, a system which would combine practicability foe theatre 
use with as great an improvement in quality and efiieiency as could be 
obtained without greatly increased cost. The first objective necessarily 
involved an effort to learn as much as possible of the "why** as well as 
the “how” of the systems and individual speakers studied, while the 
second led to considerable investigation of certain aspects of loud-speaker 
design, some of which^-at least in the literature of the subject—seem 
not to have been sufficiently emphasized in the past. 

Any investigation of as wide a scope as the present one inevitably 
furnishes many facts not pertinent to the main issue, but useful in other 
fields. The main body of the paper bas been written with the problem 
of the reproduction of sound for motion pictures ever in mind, and 
sbonld be read from that viewpoint- It is felt, however, that the 
results referred to may form a definite contribution to other fields, such 
as public address work and borne radio. 

4. SOUND REPRODUCING SYSTEMS FOR 

MOTION PICTURE THEATRES 

The act of modern reproduction of sou nd in motion picture tbea t ra 
is DOW about eight years old. During this time there bas. of course, been 

• Rfptiat freoi Techoical Bvllecia oi tbt Rounb ConcQ ef ibe Aodonr 
of Mpcioa PicroK Aro aod Settatts. March 3. 1936. 
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considerable unpiovemeot. but there has been only one major change 
in the standard theatre installation. This change was the adoption of 
the "Wide Range" and "High Fidelity" systems after 1953. The 
principal modifications involved were: First, a partial fulfillment of 
greatly needed increase in amplifier carrying capacity: second, the adop¬ 
tion of speaker systems which provided for the division of power be¬ 
tween two ot more groups of speakers, each operating over a limited- 
frequency range: and third, improvements in the sound bead which 
reduced fiutter. While these improvemeocs considerably raised the 
standard of reproduction in the theatre, it was felt that the loud-speaker 
system still constituted the principal limitation to naturalness of'trpro- 
duction. An Investigation was accordingly made to determine whether 
a speaker system could be developed which would economically replace 
the present systems while providing the much needed increase in fidelity. 
This was found to be the case, and it is the purpose of the present paper 
to describe this system and the results obtained with it. and to compare it 
with previous systems. 

Since It was not known how great a departure from a full range 
linear response could be tolerated for the purpose in hand, it was con¬ 
sidered advisable to stare with a system as near this as so far achieved, 
even though the form of apparatus available by its $\tt and cost would 
prohibit its use for theatre installations. From this It was determinable 
how much deviation was allowable and necessary in order to obtain 
a commercially practical system. Such a linear system was made avail¬ 
able. and a series of tests led to the following specifications which were 
found to be adequate for theatre reproduction, taking into consideration 
further developments in recording which may be expected within rbe 
next few years. 

5. SPECIFICATIONS 

Ffat Oi>efo/1 Frequency ChaeacttrUiic. The system shall not deviate 
by more than plus or minus 2 db. from 50 to 8000 cycles, over the 
entire angle of distribution within ten feet of the mouth of the horn. 

High ElMfo-Acousficol EMcUney. It shall approach fifty per cent 
in order that the required amplifier capacity will cot be coo great. 

Volume Range. The volume range shall be at least 50 db and 
preferably fiOdb. 

Reasonable Cost. 

Absence of Transient Distortion and “Fuzziness." The elecrro- 
acouscical transducer shall be of such construction that Is will not 
generate objectionable harmonics up to the peak power required, and 
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ch« phase delay between units shall be such that the sound will be 
equivalent to that coming from a single source. 

Stcfoble Angular Cisfrtbu/ion ChafuctenstiVs. The sound shall be 
radiated ihrougb a horizontal angle as great as 110 degrees and a 
vertical angle of 60 degrees, with nearly uniform response at all posi¬ 
tions. 

ReatonabU Compactness and Poetabtluy. Low weight. 

i4mpf/^er Capacity. The installed amplifier capacity shall be such 
that one acoustic watt per one thousand square feet of floor area can be 
delivered when the auditorium is adjusted for optimum reverberation 
lime. 

A system which will conform to. or exceed, these specifications has 
now been developed, and can be constructed at moderate expense. 

In order to take advantage of these characteristics it has been found 
that when film is reproduced over a system such as this, it is necesary 
to keep the flutter from the sound bead no greater than 0.1 of 1 per cent. 
Although the problem of flutter has been satisfactorily solved and heads 
are commercially available which will pass the 0.1 of 1 per cent flutter 
specifications, it should be pointed out that by far the largest majotlcy 
of heads In use today will not meet this specification. 

6. POWER AND FREQUENCY REQUIREMENTS 

The history of the electrical reproduction of sound has been one 
of continual increase in amplifier carry lug capacity, and in this respect, 
the theatre installatioo is no exception. Originally, output powers 
from 2.5 to 12 watts were considered adequate for most houses. With 
rhe advent of the later systems now in use, these powers were cecom- 
mended to be increased from 3 to 5 db, depending upon the size of the 
house. It has been found from this investigation that it is both practical 
and eminently desirable to make a further increase of at least rhe same 
amount. The figure given of one acoustic watt per one thousand square 
feet of floor area is felt to be the minimum which will do justice to the 
advanced conception of reproduction of records produced with modern 
recording technique. It is of interest to note that this figure can be 
achieved allowing for considerable latitude above this point without 
danger of mechanical damage to the units. 

The advisability of extending the frequency range of a reprodoc* 
ing system must be determined by balancing the gain in naturalness 
obtained by the extension, against the resulting increase in nc^ and 
extraneous sounds. In the present state of the recording arc, a chaiuc- 
tecistic flat to 6,000 cycles U the least that will do justice to the film: an 
extension to 7,000 or even 8,000 cycles is advisable, and a furbcer 
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extension is not. This is so beause i further exceiuion becomes el less 
and less value, due to the decreasing sensitivity of the eat small 

amount of energy in chb region, and especially because .above 8.000 
cycles, noise, flatter and harmonics due to recording deficieivies become 
decidedly the limiting factor. Incidentally, since practically'all record¬ 
ing systems include a low'pass filter with a cpc-off in the neighborhood 
of $.000 cycles, there is nothing on the film at high ftequeticies to be 
reproduced. 

Once the high'freqaency limit is chosen, the lovr-fRquency limit 
is automacically fixed. It has been found that for Ideal balance the 
product of the two cot-of frequencies must be fairly close to 400.000. 
so that for an $.000 cycle upper cut-off, the lower becomes 50 cycles, 

7. HIGH-P^EQUENCY HORN 

One of the principal limitations of present theatre installations is 
bad directional characteristics. The plain exponential horn has a 
directivity which varies with frequency: low-frequency sound is pro¬ 
jected fairly uniformly over a wide angle, but as the frequency 1$ 
increased this angle decreases rapidly until at frequencies of several 
thousand cycles practically all of the energy is emitted in a narrow beam. 
The result of ihls is that the reproduction becomes very "drummy’* or 
''bassy'* for that portion of the audience whose seats lie well off the 
axis, while the opposite is true for seats located directly on the axis. 
In the present system this effect is eliminated by using a radiating system 
for the high-frequency unit which is composed of a cluster of small 
exponential horns, each* having a mouth opening of approximately 
sixty square inches. These individual units are stacked in layers to form 
a large horn, the mouth opening of which is spherical in shape. The 
principle of this high-frequency anit can best be likened to a further 
compacting of the typical cluster of loud-speakers, as customarily used 
in auditoriums and stadinms for public address systems and announc- 
iag. except that the whole array is fed from a common headeraad driven 
by two dynamic units. This type of high-frequency radiation is also a 
feature of cbe afocementioned reference system. However, the reference 
horn, having been developed to a very limited angle and being driven by 
a single mechanism, was not adaptable to theatre use, as more .than one 
horn became necessary for full coverage. Thb would result in non- 
uniform distribution as well as complete loss of coverage for a large part 
of the audltorlom. should one unit fail during a performance. 

One of the features of the reference system is the use of a single dla 
phragm to nduce phase distortion. Inasmuch as theatres require parallel 
operation as protection in the case of failure of one unit, experiments 
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were made with a Y throat and two units. As a result of these experi¬ 
ments. it is now recognized by all concerned that any increase in phase 
distortion which msy be introduced by the Y throat is negligible. 

The diaphragms are made of duraluminum 0.002 inch tbick and 
have an area of six jqaare inches. The diaphragm is mounted on the 


Ftgore 65 Tbe Y Throat. 

back of the assembly and by the use of an annular opening, the sound 
that is admitted to the throat within the unit has a minimam phase 
distortion. (Figure 64.) This is still further reduced by having this 
throat exponential beginning at the annular opening, and avoids a sharp 
discontinuity that may exist with a tubular throat. Two onice are 
connected by means of a Y throat to the mnlti-channel horn which 
tends CO reduce the distortion of high throat pressure. The field excira- 
tion requires twenty-five watts per unit 

To obtain high efficiency energy Transfer between the diaphragm 
and air column in an exponential horn loud-speaker, the acoustic im¬ 
pedance of the air must be matched with the mechanical impedance of 
the diaphragm. Such an impedance match is usually secured by tbe 
nse of an acoivtic transformer whicfa provides a properly constricted 
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cross'Sectional area ot cbe soapd channel between the diaphragm and 
the throat of the horn. 

This impedance matching device provides a load foe the diaphragm 
which may be taken as the xatio of the effective diaphragm area to the 



cross-sectional area of the constricted sound channel. This loading faC' 
tor, of such a value that it tends to damp out resonant action of the 
diaphngm, should provide a loading for the diaphragm which is as 
uniform as possible over its entire area. 
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The sound channel dimensions between diaphragm and hom must 
be of such valves that waves of any freqceacy wicbm the recording 
band which emanate simultaneously from different points of tbe dia¬ 
phragm, will not meet at any point in the throat 180^ ont-of-phase— 
since in this case destructive interference between such waves would cake 
place. 

It W also required that any waves which originate from all points 
along a radial element or sector of the diaphragm, form a wave front 
of a desirable shape at tbe throat of the horn. 

One method considered, to avoid destructive iACeifersDce at the 
throat between waves which originate at tbe center and outside edge of 
tbe disphtagm. was to provide individual sound channels of snbstan* 
tially equal length from the diaphragm to the throat of the horn. This 



Fievir 65 — 5U( arnKtgn of acanrdc rnniforirifr 1 inrinr N«. 285. 
hlfh.fwqanigy Qoit. 

resulted In the construction of acoustic craasfonners in which there 
were formed a number of annular coucentric sound passages all of 
substantially equal leogch. 

Such a device proved practical and gave good performance, bur 
was difficulc and eapensive to construct. 

To overcome these pracdol. difficulties, another type of acoustic 
tfansformer has been constructed. This type is illustrated in Figure 
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63 r in a view lo&ktng into the transformer from (he diaphragm, ft Is 
ragged, of relatively simple cooscructioo. and inexpensive. 

The transformer provides sound channels which are disposed 
radially so that each opening subtends a sector of the diaphragm. Waves 
originating along a continacosly radial sector of the diaphragm will 
be passed by each sound channel in the manner in which they originate 
A wave front which emanates from each radial element of the dia* 
phragm advances without further subdivision into the radial sound 
channel to tbe cbroat of the horn, arriving at that plane in an approxi¬ 
mately spherical form. No destructive interference is encountered, 
providing tbe maximum distance from any point of the diaphragm to 
the opening of the nearest radial sound channel is less than a quarter 
wave length of the highest frequency to be reproduced. 

A loud-speaker provided with an acoustic uansforzuer designed in 
accordance with these considerations is shown in Figure 64. Such a 
loud-speaker reproduces at a response level which Is highly uniform 
throughout the range from 300 to 10.000 cycles. 

7>)e directional characteristics of the resulting unit are very satis¬ 
factory as found from theatre installations. It should perhaps be em¬ 
phasized that lack of goo^ distribution cannot be corrected by eqaaliza- 
tion in the electrical circuits, since for any given adjustment, tbe overall 
response is a highly varying function of position in the house. Al¬ 
though the chancreristic can be made dat for any given position, it can 
not be made so for all. or even a large part of the bouse by this method. 

S. LOW-FREQUENCY HORN 

In the case of a low-frequency unit, a suitable driving mechanism 
was not available, and it became necessary to develop one. The unit 
finally adopted consisted essentially of an exponential horn with a 
mouth area of fifty square feet, and an axial length of 'forty inches, 
driven by four fifteen-inch dynamic units of special design. The mouth 
opening was extended laterally to form a flat baffle. ICKxll'. The paper 
cones ate dipped with lacquer to prevent them from absorbing moistare. 
which would vary their response. They ate connected in series-parallel 
to give a desirable impedance characteristic as well as to provide insurance 
against complete failure of the system in the event any Individnal unit 
fails. The angle of distribution is uniform through an ate of fifty de¬ 
grees on each side of (he axis. The me of a horn instead of a flat baffle 
board for low frequencies has several advantages: Tbe efficiency is raised 
from ten or fifteen per cent to better than fifty pec cent, which effects an 
enormous reduction in amplifier capacity; and undesirable radiacton 
from tbe rear of the naic is considerably reduced, resulting in a decrease 





HEADPHONES AND LOUD-SPEAKERS 


105 


to a n«gligible amount of the usual obje<cioQ8ble back stage low fie> 
quency "hang-pver.” For purposes of further compactness and 
rigidity the low-frequenc/hom may advantageously be folded and in 
this form retains the same characteristic, if the air path length be maio- 
tamed unchanged. This modifeation was contributed by Dr. H. F. 
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Olson of the RCA Manufacturing Co. The loading provided by the 
ait column of the horn decreases the excursion of the diaphragms as com¬ 
pared to the excursion necessary to produce equivalent output from a 
flat baffle array, and distortion is correspondingly reduced. (Figure 
66 .) 

With the low-frequeucy horn length, as specified in the design noder 
discussion, maintained approximately equivalent to the length of the 
high-ftequency boro, there Is no time delay between the component 
sounds from the two horns. 

9. HORN ASSEMBLY 

The folded is assembled in sections, each section conuiAing 
two driving mechanisms. They may be stacked one u(mn the other, 
depending upon the number required. Each section Is adequate for an 
output from the amplifier of 25*30 watts for the reqnired uunimum 
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birmofiic coateat. If it is desired to secure a wide lateral distribution, 
the sections may be placed side by side. Section AA. Figure 67. shows 
the construction of the horn. 






T«e Mfr Noa« r’itru 
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The entire bom is assembled so that the center of the bigh'f requeacy 
unit is approximately 50 to 60 per cent of screen height. This position 
has been found by years of use to be tbe center of acti7ity oc "pceseocc” 
on the screen and since the higb-frequencies are responsible for determin¬ 
ing the presence, the unit was so arranged. In order to keep the sound as 
neat a point source as possible, the low-frequency born is maintained 
at a position near the high-frequency horn. (Figure 68.) 

The complete assembly is a unit so that it can be moved away from 
the screen oc raised and lowered with the screen with a minimum of 
effort. Tbe use of sections foe the low-frequency horn allows the horn 
to be shipped and moved into spaces which have standard size doors. 

10. DIRECTIVITY 

For both the low- and high-frequency units a certain amonnt of 
directiviry is required, since the best illusion is obtained if the ratio of 
direct to reflected sound is as high as possible. In.most theatre audi- 
ceriums there should be but little energy radiated at angles greater chan 












folded bore uMuibly. 


the higher frequencies, t.g., at 10.000 cycles, absorption of the atmos* 
pbere may become very serions, being as great as 0.2 db per foot nsdet 
f*Tfain conditions of humidity and temperacare. In large and deep 
booses this would resole in a serioos loss of htgb'freqtMncies in the rear 
seats. The effect can be considerably reduced by increasing the hi^'frC' 
queocy radiations from those boms of the unit whkb serve dMse seats. 
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Ic may be done by putting a suitable amount of absorbing material in 
the other horns and re'equaliziog to bring the overall response up to 
standard for the front seats. These artifices wil! probably not be 
required in most houses. 

11. HARMONIC CONSIDERATIONS 

A major defect of commercial loud'Speakers is their large ampli¬ 
tude distortion. One of the striking improvements in the new system 


Figoce 69 —Single wctioB iQW'fnqoeocr fol<2ed bona wiib t 52 dcgiee Ugh* 
fttqiKaeia for om Ib rtodio viewiBg rooms sad mall tbutres. 

ia its cleanness of reproduction at low frequencies. The measured 
harmonic content is less than four per cent at 40 cycles foe 30 watts 
output. This is due in large part to the ose of a thick and comparatively 
soft cone which can be driven to full excursion without break-up. and 
consequent harmonic production. It was found by actual listening 
tests chat with a pnre tone of forty cycles impressed, most of the cone 
speakers Investigated gave a greater apparent loudness than the speaker 
finally adopted. However, when a direct comparison was made by 
keying the amplifier from the new unit to the unit under test, it was at 
Ofic( obvious that the output of the new one was fairly pnte forty-cycle 
tone, while that of the other speakers consisted, is most cases, entirely of 
the second and higher harmonics. Direct measurement of the acoustic 
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output ihowed that id spite of its low apparent loudness, the fairly pare 
output of forty cycles was actually about 6 db higher than that of the 
other speakers. 

This great increase in apparent loudness due to transferring part of 
tbe fundamental power luto harmonics in the conventional speaker is 
very striking, and is undoubtedly the explanation for the alleged high 
efficiency of many present day speakers of all types. The loudness of 
the harmonics is not due to the rapid change in the sensicivity of tbe ear 
at low-frequencies which would favor the harmonics at the expense of 
tbe fuDdameatal, since it also occurs at fairly high frequencies where 
tbe sensitivity of the ear is varying in tbe opposite way with frequency. 
With one particular pair of uaits tested, the effect was more striking at 
bCCO to 2,000 cycles than at any other frequency. It is equally great 
with complex sounds, such as speech and music, although here tbe 
change in quality is somewhat less with respect to the change in apparent 
loudness than in the case with pure cone. 

12. PHASING 

Another important advantage of the new system is that ir can easily 
be made to fulfill the requirements that the virtual soumes of all the 
components of the reproduced sound shall coincide in the vertial plane. 
This condition is impossible to obtain with divided frequency range 
systems now is use in which tbe axial length of the several types of horns 
in a given system are widely different. In this respect, a two-unit system 
is much easier of adjustment than a three-way system. It might be 
thought that since the time delay is so small, of tbe order of a few milli- 
seconds, that tbe elfecc would be inappreciable. This is true for certain 
types of sound socb as sustained music passages, but on dialogue and 
especially ceruin types of sound effects which are of the nanuc of shoR 
pulses, a very objectionable distortion is osoally noticeable. A striking 
demonstration of this fact was obtained by recording a up dance. U^ien 
this was reproduced it was found chat tbe system with a very small time 
delay gave a naturalness of reproduction, while systems which had 
an appreciable delay reproduced the scene with far less realism. In fact, 
tbe sound did not appear to come from the screen, and, in addition, tbe 
tap was fuzzy in character with a decided echo. 

This effect sounds somewhat like chat of transient distortion doe to 
the use of a filter with too sharp a cut-off, but it U actnally more 
analogous to the echo effect often observed on long lines and with certain 
types of phase distortion nemorka. 

A recent paper discusses the features of tbe three-way system, in¬ 
cluding some of dw limitations which require speda! inscaUacioa tech* 
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nique for the seuing of boms, back stage draping* phasing of vatioas 
horn positions* position of borns for distribution and setting of volume 
between horns. Familiarity with this data will assist in appreciating the 
principles of the present system. 

It should be pointed out that the overall frequency response curve 
of the system should not fall ol7 too rapidly beyond Che cuC'ofT fre* 



■ 


■ 


WM 










■ 


KB 























m 



■ 

K 

m 

m 













S 










1^1 






! 

11 


■ 


! 

1 

! 

! 

1 


im 

















IIH 

1^ 

























IHE 

■ 

















3 









■ 

























IS 

■ 








m 









Hi 









■ 

















^3 









■ 







1 

IH 








t 


Figore 70 —Series rype network. Sheerer Horn System. 


quencleSr or objectionable transient distortion will result. Probably 
the maximum slope that can be tolerated is of the order of 20 db per 
ocuve, or roughly, chat of a single section constant'K filter. 

13. DIVIDING NETWORK 

The frequency chosen for the critical frequency of the dividing 
network b governed by several factors. If this frequency is too low, it 
leads to nneconomicdlly large values of capacity in the network, and to 
impracticably large horns for the high-frequency anic. If too high, tbete 
is danger of running into the characteristic dip which seems to be always 
present in large cones, and also, it would result in dividing the prime 
energy of speech sounds between the two units, which is objectionable 
from the standpoint of good presence. If the critical frequency is chosen 
between 250 and 400 cycles, a good compromise results. (Figure 70.) 

A dividing network was chosen which gave fairly rapid attenuation, 
12 db per octave, in order to keep any appredabie low-ffeqoency energy 
out of the high-frequency unit, and to minimise the effect of iiregu- 
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laricies encounured in ths response curve above the designed range of 
ihe low-frequency cones. This lies somewhat above 400 cycW for an 
efficient low-frequency unit. Certain dividing networks in current use 
have attenuation curves of such gradual slope that at some frequencies 
the irregularities in the response curves of the speakers are actually 
greater than the attenuations of the networks. 

The network is designed so char the reflected impedance of tbe horn 
on the amplihec is approximately 2.5 times the amplifier impedance. 
The loss in the network is less than 1 db in order that the full capacity 
of tbe amplifier may be utilized. 

14. MEASUREMENTS 

While it is recognized that indoor cesponse measurements do not 
have the degree of precision that may be had in free space, they never¬ 
theless do represent conditions under which the loud-speakers must 
actually be used for motion pictures. Also, for the purpose ac har>d, 
comparative measurements are sufficient and were verified by listening 
tests, which in the end ate the final criterion. (Figure 6 6 shows average 
response.) 

Irregularities in the sound pressure ac the microphone due to stand¬ 
ing wave patterns in the room are mioimized by the use of a conven¬ 
tional warble frequency, varying plus and minus twenty-five cycles at 
a ten cycle race. Tests have been run which indicate that (he warble is 
only effeccive below 2,000 cycles. Above this point, tbe standing 
waves do not interfere with the correct interpretation of tbe response 
curve. 

Tbe measurements were taken in a stage 100' z 70^ x 35', baving 
a reverberation time of one second at 512 cycles per second. By making 
these measurements indoors, tests could be made rapidly on a large 
number of units without interference from outside no^, due to a 60 
db insulation between inside and outside, provided by the building. 

Tbe response curves were measured using a high speed level indi¬ 
cator capable of responding to a change in level as rapid as 300 db per 
second. 

Douglas Shearer, head of tbe Metro-Goldwyn-Mayer Sound De¬ 
partment, brought about and directed this project. This development 
was engineered by the writer and contributed by Mctro-Goldwyn- 
Mayer Studios, The cooperation of the following companies is grate¬ 
fully acknowledged: Electrical Research Prodaccs, Inc,; RCA Mauu- 
facturing Co.; Laasiog Manufacturing Co.; and Loew’s, lac. These 
companies assisted by making available test equipment the referenc* 
system - staff and tbeaties, which gceatly fadl luted the work and pro- 
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ductd a co'Ordmated result not otherwise possible. The writer also 
wishes to acknowledge the concdbution of (he Metro-GoIdwyO'Mayer 
Sound Department, and in particular Robert L. Stephens, who bas car* 
ried out the mechanical design. 

15. DESIGN DATA 

(a) LoW'FreqBency Exponential Horn 

Fundamentally, the design of a low-freqnency exponential horn 
follows the same treatment as that accorded a horn for high'frequency 
response. There is, however, a greater tolerance allowable In deviat¬ 
ing from theoretically calculated vaioes. namely: Expansion rate (gov- 
ecning value of cut*off frequency), mouth size, and nature of cross- 
section. Discontinuities which would be out of the question in high* 
frequency design may be permitted with little loss in a low-frequency 
horn. Numerous tests have borne out the above statement. A horn of 
folded etosS'Secclon has been chosen for general use in this system, be¬ 
cause it permits a compactness of design not possible with a straight 
exponential been. Sufficient loading has been obtained in a small space 
to permit the cone driving units to operate at their optimum efficiency. 

For the purposes of illustrating the method of computation, a brief 
summary of the calculations involved in the design of a straight ex¬ 
ponential horn will be given: 

The cut-off frequency was chosen at 50 cycles per second. A 50 
cycle wave has a length of 271 inches. The distance across the mouth 
of the born should be at least equal to ooe-quarter the wave length of 
the lowest frequency it is desired to transmit. This value for the bom 
in question gives a minimum mouth size of 68 inches. 71 m size of 
throat must be sufficient to accommodate four 15-inch cone speaker 
uolts. A thrciat size of 50 x 30 inches was chosen. 

It has been found that an exponential born whose area doubles 
every 12 inches will have a cut-off frequency of 64 cycles per second; 
one whose area doubles every 6 inches, a cut-off frequency of 128 cycles 
per second. From the above rebtionsbip the length for the area of the 
present horn to double, may be found by simple proportion: 

50 

X ~ 12 

from which X =: 15.36 inches 
ProiQ the general horn equation: 

Sx = ^,s" 


(Eq.l8) 
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Sx — <rou*sectional ares at any point X 
<=2.7183 

hf = fare constant of horn 
X = distance along horn axis from throat 

where Sj was chosen above as 900 square inches. M can be computed 
by substituting known Values in the above equation: 

1,800:5:900 X 2.7183'“*^“ 
from which Af = 0.045 

Then the equation for ibe present horn becomes: 

= 900 

from which the sectional area at all points X may be computed. 

For a minimum mourh area of 4,624 square inches, the length is 
determined: 

Sx = 

4.624 = 900 X 2.718 J® "** 

Where X = 36U inches 

It has been found, however, that while the sizes above are satis¬ 
factory from a tbeoredcal srandpCHOt, an increase in loading will result 
in a higher efficiency. An increase in length to 44 inches with a cor¬ 
responding mouth size of 8 0 inches or 6.4 00 square inches has. as a resul t 
of tests, proven to be perhaps the most desirable size. The overall length, 
inclusive of units, then becomes approximately 55 inches. This length 
is eoodderably more than is desirable for the majority of installations. 

The above analysis applies to the straight type rather than 
the folded type. 

Figure 67 illustrates a horn of folded cross-section. Here it is pos¬ 
sible to retain optimum loading conditions in a minimum space. It ts. 
however, in this case mechanically impracticable to construct a horn of 
true exponential shape. 

The mouth, throat size, and flare constant are determined as In the 
case of the straight exponential horn. Intermediate cross-sectional areas 
are approximated to those of a true exponential horn as closely as is 
feasible without involving constructional difSculcies. 

It has been found that the difference in response Is sufficiently slight 
to justify this deviation from the theoretical. 

(b) High'Freqaency Exponential Horn 

Tbe spedfiucions require that the overall depth or leogth of both 
low- and high-frequency assemblies does not exceed 44 inches. 



114 


MOTION PICTURE SOUND ENGINEERING 


This limitaiioQ of length brought about the telection of a theoretical 
ccc-off frequeocy of 220 cycles per second. ThU value of cnt*alF al¬ 
lowed the design of a horn which fulfilled the desired requirements, such 
as a spread of either 90 degrees or 105 degrees with a maximum of six 
separate channels and a sufficient mouth size to present a reasonably 
small amount of disconcinuity. 

A brief summary of the design calculations follows: 

Tt has been found that an exponential horn whose area doubles every 
12 inches will have a cut-off frequency of 64 cycles per second: one 
whose area doubles every 6 inches, a cut-off frequency of 128 cycles 
per second. Then by simple proportion the length for the area of the 
present horn to double may be found: 

64 _ 22Q 

.X “ 12 

from which X = 3.3 inches 

From the general horn equation: 

5x = ^it“ (Eq. 18) 

wliere 

Si = area of throat (chosen as H square inch) 

M can be computed by substituting known values in the above equa- 
doo: 

H = M X2.7183»^« 

from which 

AT = 0.2 

Then the equation for the present horn becomes: 

Sz = y4 

From which the sectional area of the horn at all points X may be 
computed. 




F)aur« 71 ~ A individfia] churn d. 
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Chapter VIII 
FILM DRIVE 

By WESLEY C MILLER 

Uniformity in th« speed of the record and perfect synchronism 
between sound and picture ace vitally important to the sound picture. 
While the subject matter in this book is largely devoted to the pcob' 
lems of transmission, a brief mention of the fiJin*drmng means may be 
desirable. 

The internationally accepted standard film velocity for 35 mm. film 
Is 90 feet per minute or 18 inches per second. Film bas 16 frames to 
the fobt. each frame having four sprocket holes so that this velocity cor¬ 
responds to 24 frames or 96 sprocket holes per second. In the case 
of a picture, an intermittent motion device tn both camera and projector 
causes each frame to remain stationary for a portion of its twenty-fourth 
of a second, and then to be pull^ down to allow the next frame to 
take its place. Sound film, on the other hand, moves steadily past the 
recording or repcoducing optical center, sorhat each three-fourths of an 
inch (four sprocket holes) of sound track corresponds to the accom¬ 
panying picture. Inasmuch as eye and ear fail to recognize inaccuracies 
smaller than perhaps half a frame, the illusion is properly maiutained. 

In newsreel work, where speed and omplicity of operation are im¬ 
perative. and where a relatively small amount of complicated editing is 
done, the sound record and the picraxe are both made on the same nega¬ 
tive film with an ofiset of several frames between them to allow for the 
physical separation of picture and sound optical systems in the sound 
camera. 

% 

Two methods are used in fbe studio foe simultaneously driving 
sound and picture apparatus: The synchronous system and the inter¬ 
lock system. 

1. THE SYNCHRONOUS SYSTEM 

In the studio the universal practice is to make the picture and sound 
on separate films which run through separate cameras and recording 
machines. The practical advantages are many. Negative film emulsion 
and processing for the best results are not the same for picture as foe 
sound. Greater fiezibiliry of operation of camera and recorder, increased 
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ability to combiiK an^ delete porciona of either pictoce or sound, and 
generally better poaaibiJities of editing are important considerationa. 

The uae of separate films presents a driving problem which is solved 
by various means, depending upon the specific conditions. Camera and 
recorder muse be geared together in some manner to maintain syn* 
chronbm. As mechanical connection is not feasible, electrical means 
are employed. These are of two general types-^ynchronoos and intec' 
lock, with various modifications and refinements in each. 

The synchronous drive, as its name implies, employs synchronous 
motors to drive both camera and recorder, the power being derived 
from the same source. The source U usually the commercial tbtee*phase 
alteToatiog'Current system or its equivalent so that frequency uni' 
formity is excellent. Synchronous motors which have no hunting 
characteristics are used. The result is absolute uniformity of motor 
speed and constant synchronism between sound and picture. Many 
frequency combinations are used. For example, one of the major 
studios having a 50'CycIe commercial supply uses a 50—fiO-cycle motor 
generator to provide 60-cycle power to drive the recorder, which hap¬ 
pens to be designed to operate at 1.200 a synebronons speed 

obtainable from 60 cycles. At the same time, a 50—48-cycle frequency 
changer is used to provide 48-cycle power to operate 1,440R.P.M. syn- 
chtonous motors to drive the cameras. As both of these new frequencies 
are generated synchronously with the original supply, they are syn¬ 
chronous with each other. Other frequency combinations are ased for 
particular purposes. 

An explanation of the choice of 1.440 R.P.M. drive from 48 
cycles may be of interest. The camera shutter operates 24 times per 
second or 1.440 times per minute. Its main shutter shaft conac- 
qoently operates ac a speed of 1,440 R.P.M. A motor driving it at 
this speed requires no extra gearing to adapt it to the camera. This 
not ouly reduces power requirements to some extent, but is excremdy 
valuable in minimizing extraneous noise on the sec. which might he 
occasioned by such gears. Moreover, the 1.440 R.P.M. speed was found 
to be a good compromise for motor size. The camera silencing bunga¬ 
low or “blimp" most, of course, be made large enough to completely 
enclose the camera motor. Hence, size and weight penalties are incurred 
which are cut of proportion to the motor itself, if the latter is made 
too large. Incidentally, camera moron may be greatly over-rated In 
their tempecature rise, as the greatest possible length of time they may 
operate conrinoously is for the length of one one-cbousand-foot roll 
of Sim —nominally about eleven min n tea. There is always a period 
for coolin; while the camera is being reloaded. In practice, a camera 
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motor IS seldom called upon to operate continuously for the fall eleven 
minutes. 

With separate film, and with ibe synchronous system, a means must 
be provided to properly align (he picture and sound track foe subsequent 
running—"start marks" is the term employed for this means. In the 
simple use. the "hand•clap" serves this purpose. After both machines 
have attained synchronous speed an operator claps his hands in front 
of camera and microphone. The camera photographs his hands coming 
together and the sound film shows the small, easily identified striation 
group which was made by the sound of the clap. These are satisf actory 
start marks. In practice, start mark systems run all the way from the 
simple hand clap to fairly complicated automatic systems. 

t. THE INTERLOCK SYSTEM 

Another commonly used driving system employs the Selsyn type 
of motor and is known as the interlock system. This is virtually 
an electrical gear system, whereby all of the motors connected to¬ 
gether on several separated units will start together, come up to speed 
at the same rate, and continue to run at identical speeds. The master 
gear or distributor is driven from a synchronous or other constant 
source so that its speed is accurately maintained. As it is interlocked 
with (he other motor units, uniformity of their speed is assured. 

As is the ease of (he synchronous drive, there are many combina¬ 
tions of distributor and motor speeds in use (o meet various require* 
mencs. A common case is a 2.400 R.P.M. interlock motor for camera 
drive—geared down to 1,440 R.P.M. at the camera—and a 1.200 
R.P.M, interlock drive for the recorder. Both motor speeds ate obtain¬ 
able from the same distributor by selection of suitable combinations of 
numbers of poles in the distributor and motor windings. Another 
arrangement is the use of a single synchronous motor which drives 
two distributors, one directly at 1.200 R.P.M. for the recording 
machines, and the other, through gears, at 1.440 R.P.M. which is 
used to drive a number of re-recording machines ar 720 R.P.M. 

A very useful application of the interlock system is in projection 
background process work. Here, camera shutter and process projec¬ 
tion shutter must be accutacely interlocked so that the camera exposure 
bears a definite relation to the time of projection of each frame. This 
relation is maintained by an Interlock motor system which is again 
tied to the recording machine either through the same interlock dis¬ 
tributor or through some form of synchronous drive. 

Interlock drive is very useful for re-recording work. Here several 
film records must be reproduced simultaneously and accurate syn- 
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chcoaooj reladons mast be maiocaiaed between these sound tcecks. the 
picture which accompanies themr and the recording machine which re¬ 
cords their combined output. It will readily be seen that the interlock 
drive provides a reliable and facile means of bringing all the machines 
up to speed together and of maintaining their speed relation through* 
out the duration of the record. 

An interesting variation of the interlock system has proven very 
valuable for location work where light weight apparatus is required. 
The motors used for recorder and camera are virtually a specialized 
form of inverted rotary converter. Battery power drives the motors, 
while tbrec'phase alternating*currenC connections to their windings 
produce a low voltage alternating current which serves to interlock the 
several units together. The battery sources may be separated—one to 
each motot unit, in which case one unit is used as the master speed 
control and the others are individnally adjusted to it. A more satis* 
factory arrangement is a central battery supply, usually at the record* 
igg machine, which furnishes direct current to all of the motors. Field 
rheostats for each motor are located in one place and all speeds are 
adjusted to maintain interlock at the estimated camera and recorder 
loads. Final speed control and provision for starring in the interlock 
condition are maintained by the central operator-^cbe recorder operator. 
This method of drive is becoming mote and more popular for portable 
use to the extent that it will probably be the best ultimate means to be 
found for this purpose. 

3. THEATRE MOTOR DRIVES 

't'beatre motor drives are iu general of two types. One type employs 
a motor of peculiar electrical design such that its speed is maintained 
constant vrichin narrow limits by means of electrical speed control 
networks. This driving means is vridely used but it appears to be in the 
process of being superseded by another simpler method. 

The newer apparatus being installed uses, for alternating'Cnrrent 
installations, a single*phase induction motor having unoaually small 
slip. The slip of this motor is determined for the particular projeetioD 
machine load and the connecting gearing is 90 designed that with normal 
motor slip the projector drive very closely approximates synchronous 
speed. In other words, if synchronous speed tequires a motor speed 
of 3.000 R.P.M. and the motor slip reduces the motor speed to say 
2.900 R.P:M.. then the motor will be connected to the projector 
through gearing which has a speed increase of the ratio of 3.000 Co 2.9 00 
built into it. 

This particular arrangement has been worked out to accommodate 
the large majority of houses where three-phase supply is not readily 
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aTaUable, and U quiu satisfactory. In direct-current installarions, cbe 
usual practice » to provide a motor generator set to generate an altet- 
nacing'CQtrent supply* and then to use cbe previously mentioned single- 
phase induction motor. 

4. UNIFORMITY OF FILM MOTION 

Motor drive foe the film-running device is bnt one part of the 
film motion problem and is perhaps the simpler part. Given a motor 
running at uniform speed, it i$ required to couple this motor to a 
mechanism which will run the film itself at constant speed. As the ear 
is very sensitive to the results of speed variation in either the recording 
or the reptcducing process, the uuiforenity of the film motion must be 
essentially perfect. A brief mention of some of the limitations and 
some of the devices used may be of value. 

To begin with, the celluloid which forms the base for the film is 
a material which is susceptible to fairly wide variations in length due 
to changes in its moisture content. Its shrinkage is a known element 
at the various stages of the several processes, but unfortunately the 
limits within which shrinkage may be maintained are of relatively 
considerable size. Because of shrinkage variations it is imperative that 
the sprocket boles be used at some stage of the. film pulling process to 
maintain synchronous speed and to control the loops which form a part 
of any film driving and pnlHng mechanism. For example, a one pec 
cent shrinkage may readily occur and means a change of 10 feet In 
length in a 1.000-foot reel. Picture mechanism definitely requires 
sprocket drive to ensure that the four sprocket holes corresponding 
to each frame are constantly polled down by the intermittent mechan¬ 
ism to keep the right frame relation. In projection there is a constant 
20-frame difierence between picture and soand-^he picture and sound 
apercures are Jnst that distance apart—4nd this dlfierence must be main- 
earned chroughouc tbe whole reel to keep in synchronism. 

Tlae conventional soond film drive uses the sprocket holes to do 
tbe main film pulling and to maintain isolating loop relations, and then 
departs from tbe sprocket pull at or neat the soond aperture. A roller 
drum coupled to 8 flywheel, or some simibr device, maintains a high 
degree of approzimarion to absolutely uniform motion at tbe actual 
aperture. The transition between sprocket bole pul] with shrinkage 
variation and tbe continuons motion at the drum, occurs in tbe isolat¬ 
ing loops before and after the drum. 

Tbe design and operation problems, then, are tbcMs of insuring per¬ 
fectly uniforai drum accioa, of making the film move absolutely with 
tbe drum at tbe instant tbe former crosses tbe optical center, and of iso* 
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lating the film on the drum from any refiecced sprocket tooth action from 
the sprockets immediaiely ahead of or behind the dinm. The failures in 
these resp^ts are noticeable in two general types of speed variation or 
finttet. Slow vadations in film speed occasioned by motor speed changes, 
or more often by drum speed irregnlstitiesr appear as “v/ow-wows.” to 
use the vernacular of the trade. High speed variadoos. which generally 
bear a defioice relation to the 96 sprocket hole per second speed of the 
film, result in a broken up and harsh character in the record. These 
variations appearing in either the recording or reproducing process, 
are bad. If they oecor in both processes, it Is apparent that the repro' 
dneed sound will be very unpleasantly distorted. 

In the early days of sound, flutter of the various kinds was a dis' 
mrbing factor wbi^ was apt to occur at any moment and could not be 
controlled, A great deal of effort has been devoted to remedies, and 
present day recorder and reproducer design has minimized the possU 
bility of these troubles occurring. Studio recorders have been commer¬ 
cially free from flutter foe a long time. Unfortunately, the same may not 
be said for the many theatre appliations of the older apparatus designs 
which are still in use. It is the hope that speed variation difficulties 
will be reduced to the point of being Inappreciable as the apparatus 
now available is gradually used to replace the older installations. 



Chapter IX 

FILM PROCESSING 

Bif L. £. CLARK 

In sound recocding« lilrn^ while acting in the nature of a delay 
circnit or storage device for the electrical energy of che signal, also con* 
trols the relative instantaneous amount of light reaching the pbotO' 
cell in the reproducing mechanism. 

Aa previously eatplalned, the same principles apply to the variable 
area and variable density methods of recording, but in the two systems 
different characteristics of the film are employed. It is the purpose of 
this chapter to explain briefly the chemistry of film processing and the 
application of the science of sensicoroetty to the commercial production 
of high quality sound recording. 

Sensitometry. as its name implies, is very largely concerned with 
the measurement of sensitivity. In its modern applications, however, it 
embraces a much wider field and may be more completely defined as 
the qualitative measurement of the response of photographic material 
when exposed to light or other forms of radiant energy. 

Motion picture sound recording on film must go Through the 
following steps before the production is completed and ready to be 
shown in che theatre: The picture and sound tracks are each recorded 
separately on different negatives, which are then developed, and the 
positiye, containing both the picture and the soundtrack, is then printed 
from these two negatives—this positive, called a composite print, is 
then developed for use in tbe theatre. 

1. FUNDAMENTAL MEASUREMENTS 

The fundamental film measurement is ''transmission’': that is. 
the percentage of incident light which is transmitted through tbe film, 
and is expressed mathematically by 

T (TranamUsion) = 100 X 7 ^ (percent) (20) 

where 

Le = total incident light falling on tbe film and 
Li ^ total amount of light passing through che film. 

It can be seen that tranamUslon. when expensed in per cent, varies 
from a maximum value of 100 to a mintmnm value of zero. 
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Although Che meaiuremenc of this ratio ie the fundameotal aieuure- 
menc made on film, ic is not usually expressed in ^is way bat in terms 
of the "opacity/’ which is the reciprocal of the transmission, and is 
expressed mathematically as: 

D (Density) sslogO (Opacity) sJog-:^ (21) 

Prom this it may be seen that as the transmission, expressed as a 
decimal, Taries from one to zero, the opacity will vary from one ro 
infinity and the density from zero to infiniry. 

Density is the common term used to express the measure of trans- 
missioD or opacity of film. 

2. DENSITY MEASURING DEVICES 

Several instraments are available for measuring the ratio of the 
incident to transmitted light, expressed in terms of the logarithm of 
opacity or density. These instruments are called densitometers and are 
divided into one of two types, either optical or electrical, depending 
upon ibe manner in which the measurement of density is made. 

(a) Electrical Denaitoffleters 

This type contains a light •sensitive cell and measures first the light 
without film in its path and then the light after passing through the 
film. The ratio of the two values is a measure of the transmission. 

This type is designed to employ either a steady or an interrupted 
source of light depending upon the purpose for which it is intended. 

(b) Optical Densitometers 

This type is the most cow 

monl y used and it either polar¬ 
izing ot non-polarizing: the 
polarizing type conaisting 
essentially of a polarizing 
photometer head with a suit¬ 
able eonrce of light to obuin 
the necessary illumlnanon, and 
the noa-polatizing type con¬ 
taining no polarizing prism. 

Figure 72 shows the main 
constrocrional details of the 
pc^rizing type densitometer. 

$ and S' are ap^rares through 
whirii the two light beams 
enter, and after being polar- 
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source to screen. As A moves towird B the intensity on B increases* 
according to the loverse square law. just as it decreases on C. Images 
of screens B and C are formed in the photometer bead as sbovo. L is a 


ized by means of the Prism A, result in two light beams whose planes 
of polarization are perpendicular to one another. Each beam is then 
directed throngb the analyzing prism. B, which is held in a rotating 
support inside the frame of the photometer bead. The member D of 
the frame and the member C of the analyzing prism support, form a 
scale which serves as a means of measuring the* rotation of the prism B 
with respect to the fixed prism A. The light field, as seen by the eye 
from position G. has been divided along a diameter by an image of the 
apex of the bi-prism E, and thus consists of two semi'drcular light 
fields whose relative intensity is determined by the amount of rotation 
of B. If both light beams are uninterrupted, prism B would be rotated 
45^ from prism A to secure light fields of equal intensity. 

If the material, the transmission of which is to be measured, is 
placed at H, then the beam passing through this side of the photometer 
bead will be changed in intensity and further roracion of the prism B 
will be necessary before the two light fields again have the same inten^ 
sity. From the new position of the scale C, the density may be directly 
computed. 

71)e non-polarizing type is illustrated in Figure 73. and consists 
of a movable source of illumination A; two disusing screens. B and C: 
four redacting minors D. E. F and <3; and a lens H. The phocometer 
head is shown in detail In Figure 73-B. 

The illumination on the screens B and C varies as the light source 
moves, and Is inversely proportional to the square of the distance from 


Fisore — 
Oeoils of pbecom* 
errr bead used 
vicb a noQ'polar* 
iziejdeaaiTomeier. 


Figure 73*A — Neo'poIjriziQg 
<kflriioic(Tef. 
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pane of clear glass placed a c an angle of 45 *. which serves to both reflect 
and transmit the light rays. With no absorbing rndterUl placed in the 
jnstromenc, the light source A would be at some zero position depend* 
ing upon the losses of light inrenuty in the various mirrors and lenses. 

The material to be measured is then placed between the screen B and 
the reflecting mirror G» so that the beam passing through the screen B 
also passes through this materialr and (he eye sees a light field consisting 
of that part which passes through the mstcrial to be measured, sor* 
rounded by a field which cornea directly from the light scarce. By 
moving A to a position where these fields are equal, the inverse square 
law may be applied to compute the density. A suitable scale attached to 
A permits the reading of these values directly. 

There are, of course, many different kinds of densitomcteri available 
of the above types, each moat suitable for particular uses. 

3. DENSITY 

Motion picture film is composed of a celluloid base approximately 
five*thouaandchs of an inch thick, carrying a thin coating of emulsion, 
the principal contenu of which ace gelatin, silver bromide and silver 
iodine. When the film is exposed and developed, the stiver bromide, 
under the action of the light rays and developing solution, is converted 
into a layer of opaque lilvcr, rendering film less capable of transmitting 
light Chao before exposure and development. 

The maximum density obtainable depends upon the amount of 
silver present in the emulsion. In the case of sound positive this maxi¬ 
mum deoeity is usually from 3.5 to 4. but dcntitiei of this value arc 
never required In commercial work. 

4. DEVELOPMENT 

If a piece of film la exposed in the light for a short period of time 
cfaere will be no discernible difference in its appearance until it is placed 
in a proper developing solution where it will react with the lolution 
and metallic silver will be formed on the celluloid base. To obuio this 
deposit of metallic silver the solution must contain a reducing agent, 
which is usually some organic substance which reacts with the silver 
bromide to form metallic silver. The reducing agent is used up in the 
process^^nd is usually a coal tar derivative broken down in certain 
definite ways (trade names Metol, Eloa, etc.). 

If the developing solution contained nothing but the reducing agent 
the process would be slow, as considerable time would be required for 
the solution to penetrate even the thin layer of gelatin and to react with 
the silver. Por this reason the solution also contains an alkali, called 
OB accelerator, as ita purooae is to speed up the reaction. This alkali may 
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b« lodium carbonaK, caastic soda» «tc. Tb< tbe accion desired 

depends upon the strength of tbe ac^lcrator used, and determines the 
graminess of the developed film. 

The next substance needed is a preservative for the developer, as 
the solution absorbs oxygen from tbe air and spoils in a very short time 
if left standing in contact with air. This preservative is usually sodium 
sulphate. 

One other substance, usually potassium bromide, is added which 
acts as a retarder or restrainer. the quantity necessary depending upon 
tbe type developer required for the particular type of film being pcoc* 
essed. 

Tbe active agent in this developing solution is the reducing agent. 
All the others are added to either prolong the life of the solution or to 
determine the speed of its action as a developer of the film. As previously 
brought out. all of the silver bromide is not acted upon and it is necessary 
Co remove this residue after developing, so tbe film is washed thoroughly 
in water and then put through a so'called fixing solution after it leaves 
the developing solution. This fixing solution con uins "hypo* ’ (sodium 
thiosulphate). its only purpose being to dissolve the silver bromide left 
in the gelatin. 

In some cases a hardening agent is added at this point, tbe function 
of which is to harden the gelatin and to protect it against scratches, 
cuts. etc. After again bdng washed and dried, the film theoretically 
consists of clear cellulose covered by particles of silver, the amount of 
which determines the density. 

5. SBNSITOMETERS 

Obviously, the type of solution, type of film, and amount of ex¬ 
posure for a given result have not yet been determined, and it can be 
seen that it would be of grat value to be able to predetermine these 
points and to control results after these variables are decided upon. 
This is accomplished by the use of seasitometry in film processing. 

In exposing, developing, and reproducing a film record, the type 
of film, tbe developing solution, the exposure, the time of development, 
printing, etc., are all variables, and unless carefully controlled are apt 
to give confusing results. 

The effect of exposure on a given film which is to be developed io 
a standard solution for different periods of time wtU first be considered. 

Instruments for exposing photographic material for a series of 
graduating and precisely known periods are known as sensicometcrs. 
and consist of a light source of known intensity and a means of produc- 
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ing ditTeceot exposures of known lelative amounu. The light source 
affects the results both by its intensity and spectral composition. 

The exposure modulator may be one of several types, as the ex¬ 
posure may be varied by controlling either the intensity of light or time 
of exposure. One type uses a rotating sector-wheel allowing the light 
to pass for a smaller period of time as the distance from the axis in¬ 
creases; another type uses tablets of different density between the light 
and photographic material, thus changing in a regular manner the 
intensity of exposure. Thete are a great many vatieiies of these in¬ 
struments, but the general operation is much Che same, variations being 
only in the application of the following principle: 

A scrip of film, divided into sections, is placed in Che field of 
illumination of a dim light of proper value- At periodic intervale of 
one, two, four, eight, etc,, seconds, the sections are covered by moving 
an opaque object parallel to the length of the film. At the end of the 
exposure time each eeciion has been exposed a differenc length of time, 
namely: One. (wo. four, eight, etc., seconds depending upon the number 
of times this process is repeated. 
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Figon 74. 

This film is then cut into three lateral strips and the first developed 
for two minutes, the second for four minutes, and the third for eight 
minutes, to give a development time ratio of 1. 2, and 4. After each 
strip is developed, the density of each section of each scrip is then read 
on a densitometer. Figure 74 shows the three strips of film and the 
relative exposure and development time for each section. 

6. “H AND D" CURVES 

Considering each strip separately, the densities can now be plotted 
with respect to the exposure, and give a curve of the form shown in 
Rgure 75, when the exposure is plotted logarithmically- The usual 
method is to plot density and log of the exposure as shown by the 
mi^le horixonul scale- These carves are known as “H and D” or 
“density* log B" curves. 
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Ic will be noticed chat each curve consists of three distinct parts* a 
toe* a straight line portion* 
and a shoulder. The toe* 
region 1-2. is called the re¬ 
gion of Qndec'cxposuce, as 
changes in exposure have 
little effect on density. The 
region 3^4* the shoulder of 
the carve, is the region of 
ovec'exposure, as again 
changes in exposure cause 
only small changes in den¬ 
sity. The straight-line por- 
Cion of the curve is called 
the repon of correct expo¬ 
sure as in this region the 
density is directly propor¬ 
tional to the logarithm of 
the exposure. 
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7. GAMMA 

From these curves it is possible to predict resalts from a given iUm 
developed for a certain length of time in a certain developing solution. 
With these factors constant, and considering only the straight-line 
portion of the H and D carve, the density varia with the exposure in 
a regalar manner. This variation* or slope of the curve, is known as the 
gamnu (y) of this particular curve, chat is. the tangent of the angle 
between the H and D curve and the exposore axis is called gamma. Thus 
for the three curves in Figure 75, we have yi. ys. and ya os shown. 
Gamma is a measure of the effect of relative exposures on any particular 
film which is left in a certain developing solotlon for a given length of 
time. 

If we consider Figure 75 as H and D curves of negative film, it 
is now necessary to make prints from these negatives wbieb wUl give 
another series of H and D curves, depending upon the solution used and 
length of developing time. Now, if a series of prints were made, each 
being developed a different length of time* the density of each section of 
each print would again vary with exposure and an H and D carve for 
each print could be plotted. It can tbos be seen that these conditions* 
unless controlled* would give rUe to varied and unpredictable results. 

The relation between the length of developing time and the gamma 
Is conholled by means of curves drawn for each type of film developed 
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in the same solution. Typical curves showing this relation are shown 
in Figure 76, Curve (1). 

8. FOG 

Film subjected to oo<xposuce« but 
developed for any length of time, 
would theoretically have a densiiy of 
2 <ro. Acrually, however, ie has a def* 
ioite density depending upon the 
photographic material used and the de* 
velopment time. As a coaaequence, the 
theoretically transparent portions of 
sound track actually have a certain den* 
slty, which ia called "fog/’ This Is 
illustrated in Figure 76, where the 
curves marked (2) are the fog curves 
of the materials whose gamma •development time curves arc also given 
io the 6gurc. 

9. PHOTOGRAPHIC REQUIREMENTS OP VARIABLE 

AREA AND VARIABLE DENSITY RECORDS 

It will be remembered that the distinction between variable area 
and variable density recordings is that in the former both factors of 
exposure, intensity and time of illumination, are constant at any point 
within the exposed area, while in the latter method the intensity factor 
is constant while the time factor varies (due to the changing width of 
the light-valve slit). This difference in the two typee of records neces* 
sitatea the use of different 61m characteristics for each type, even though 
both systems function under the same criterion, namely, that the sound 
record positive, printed from the oegative, shall carry a distribution of 
density such that the inteualty of the light reaching the photocell in the 
reproducer as directly proportional to the instancaneous pressure on the 
microphone diaphragm. 

(n) Variable Deosacy Requirements 

From a photographic point of view. H and D curves are used in 
the study of emulsion characteristics and the effect of development. 
However, in souod crack processing, where the relation between the 
input to the £lm and the output from the 61m are of primary importance, 
the overall result is considered. The basis of this relationship is still 
(he H and D corves of the tKgative and positive films, but as the ioput 
of the 61m is measured by the negative exposure and as the positive erans- 
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mission is proportional to the output from the film, the most logical 
method of studying this relationship is between the negative exposure 
and the positive transmission. 
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Typical H and D curves, with four different values of gamma, are 
given in Figure 77. The equation of the straight-UnB portion of these 
corves is: 

D = logi = y (logH —logo (22) 

where log / = the value of log £ at the intersection of the straight 
line portion extended, with the log E axis 
( = inettia of the film 

Since the qoantiry of log i of equation (22) is a constant for a given 
case, then 


r«£“^ (23) 

for both positive and negative film. Then if N and P as subscripts 
denote negative and positive, respectively. 

Tj,« sr'^ 

and (24) 

Tp w 
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Jn printing, the exposure of the|>osicive U controlled by che trans* 


mission of the negative so that 



(25) 

From this 



(2fi) 


where K is a coascant related principally to the inertia and the amotiac 
of light used in printing. 

From equation (26) it can be seen that when the product, yv yp. 
equals unity, the positive tranunUsion is directly proportional to the 
negative exposure. When this condition is fulfilled, provided the 
straigbt'Iine portion of the H and D curves are not exceeded, the true 
transmission ratio for che film is realixed. 

In practical applications in sound recording, the gamma of the eX' 
posurc device (light valve). the gamma of the printing machine, and the 
gamma of the phoio*electric cell, as well as che gamma product of che 
two films. alTecc the transmission ratio. For this reason, in pracciee the 
overall gamma varies from unity, depending upon laboratory condi¬ 
tions and recording equipment. 

Typical examples of the various gammas are; gamma of che light 
valve. 0.96: gamma of the negative. 0.40: gamma of the printing ma¬ 
chine. 0.90; gamma of the positive film. 2.00; and gamma of the 
reproducing equipment. 1.45. 

These typical values would lead to an overall gamma of about one. 

Practical experience has led to the adoption of the following stand¬ 
ards for certain factors; 

1. A fine-grained, long-scale emulsion, such as standard positive 
stock, seems suitable for both negative and positive sound records. 

2. Positive development, and hence positive gamma are deter¬ 
mined by the picture requirements of the positive. The reason foe this 
is obvious, since both picture and sound track must be developed 
simultaneously. Commercial positive gamma is usually in the neighbor¬ 
hood of 2.00. 

3. Negative development, that is, negative gamma, must be con¬ 
trolled to meet the overall requirements with fixed positive condidoas. 
Negative gamma accordingly ranges from abouc 0.38 to 0,43. 

4. The average positive transmission and tbe local range of posi¬ 
tive transmission modulation must be such (bat neitber excessive light 
DOC excessive amplification is required in theatre ceproducrion. Accoed- 
it^ly, tbe average or unmodulated transmission of the positive is 
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aboQC 0.30. (All sucemeats of deasity oc traosmUsion are made with 
clear film u a standard* Le.* its density is taken as 0 and Its transmission 
as 1.00.) 

5. Negative exposure is theoredcaliy so fixed chat the maximnm 
possible value is slightly below the shoulder of the H and D curve. This 
exposure produces an unmodulated oc average negative transmission of 
about 0.25, depending upon the development chosen and upon prac* 
tical departures from the theoretical exposure range. 



S«m4 t«r ^icnr**,” Amiftaf e/ 

FUmt Asii mi StwMN (MiGt^am tmt c*-. Im.). 
Pigut 'Typical (n&stDiaiioD*rxpOflQR corves. 


To determine the elTect of a departure from an overall gamma of 
unity, and the practical limitations of the above, the H and D curves 
are drawn in a different form as follows: 

The relations between density and log £ as given in Figure 77. are 
rcplotted as shown in Fignre 78, with transmission and exposure as 
the two new relative values. This may be done by use of the formula 

0 = IogO = Iog-|= 

In Figure 78. ir can be seen chat the straight portions of the curves 
of Figure 77 tend to become curved and the curved portions straight 
and chat the relation between exposure and tcansmissjoa is not constant. 

From Figure 78. and assuming the entire H and D curve to be 
straight the curves of Figure 79 can be constructed, using the values 
of positive and negative transmission, and the combination of gammas, 
as listed in the figure. These curves show chat there U a de^ite dc* 
parture from proportionality when the oveiall gamma is not equal to 
unity, even when the H and D curve is assumed to be entirely straight. 
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It U also evident, however, chat email departurea from uoicf cao be 
tolerated wicbouc a revere change in quality. 

Now if the curver of Figure 79 ace redrawn but with true emul* 
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Pigun 79 — CarVH derived froa deti in pigset 76. 

tion characceristicg. chat U. conaidering the curved toe and ahouldet 
portion of the H and D curves. Figure 80 reaulta. ThU figure showi 
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Figore 80 — Overall rdatioo betweta Mgktive expomre end poeitive UAtuaiieidB 
for v&riooa omaU gaaiiBM aboi^Bg cbe effeer of coc Mctioiu. 

that there is a email departure from the theoretical curve in the region 
of low negative expoaurca—the result of cbe rsegative toe—and large 
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depaituKj at the bigh-exposare end>—the cesolt of the positive toe. 

Considecing negative exposure in terms of modvlatloa about the 
average value, with unity overall gamma, fairly high modubtion 
tvitbout disrcrclon is permissible on the low-exposnre end. whereas on 
the high-exposore end distortion commences at practically zero modu- 
latioD. For overall gammas higher or lower than unity, the extent of 
this distortion varies. It is a fact, not immediately evident from the 
Agure. that the relative distortion becomes less as the average positive 
transmission is made less. 

The effect of these toe seccioiu is serious and diScolt to correct. 
Indeed, complete correcdon is impossible. For low-modulation values 
they may be accepted, but as commercial records require maximum 
moduladon to keep above surface noise and to maintain proper volume 
levels, it is often necessary to work right up to (be limit of acceptable 
distortion—and sometimes, perhaps, beyond. The negative toe dis¬ 
tortion is urider better control than that of the positive, as the amount 
of use which it receives is a direct function of the control of the exposure 
device. The positive toe. on the other band, is the principal source of 
distortion, and at the same time, is more subject to harmful variation. 
It seems, unfortunately, that almost every factor in the positive de¬ 
velopment process is such that it tends to exaggerate rather than to help 
the positive coe condition. Moreover, producdon negative can always 
be more carefully handled than the released positive, as the latter 
amounts to many more feet than the former, and its production must 
be undertaken at a reasonable cost. 

Referring again to the curves of Figures 79 and 80, there is 
available an approximate solution to the toe distortion. Experiment¬ 
ally it has been fonnd to be practicable to make relative adjustments of 
gamma and transmission values, principally the former, to offset one 
type of distortion by means of another. This fact was not contemplated 
in the original discussions of the theory of this method of recording. 

That such adjustment is successful may be seen from the curve of 
Figure 31, which Is representative of normal results obtained In practice. 
The major producing studios and the equipment companies employing 
the variable density method of recording, and working independently or 
in conjunction with one another, have arrived-at this compromise and In 
every case the results are remarkably close. 

It has been arrived at by carefully balancing the several factors in¬ 
volved in the annual production of several handred million feet of an¬ 
nual release print and represents the best practicable compromise between 
tbe commercial and tbeoretical aspects. As a matter of Interest, the same 
figure shows tbe effects of film-characteristic dlstocClon upon the rtpro- 
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duccion of a sin«-wave negative exposure. The reproduction is excellent 
except at high modulation. 
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The effect on the mean transmlasioti or no*signal density of toe 
print on noise reduction is considered in the chapter on Noise Reduction. 

(b) Variable Area Requirements 

With this type of recording! the general requirements of the photo¬ 
graphic material are different from those of variable density as the track 
consists of transparent and opaque areas rather than striatioos of vary* 
ing density. For variable area, high contrast between the two regions 
is desirable, that is, the opaque region should be as dense as posdble in 
contrast to the opposing region, which should be as transparent as 
possible, with the dividing line between the two very sharp. This calls 
for k deveiopmeoc just cbe reverse of the variable density method. 

. This high contrast requirement needs an H and D curve of much 
sharper slope, that is. with a bigbec gamma, although cbe absolote 
value of this gamma is telatrvely unimportant. This steeper slope it 
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nrc^aiy ic ord«r to obtain tbe deiuicy contrast and image sharpness 

_which arc required for this 

^ L of track. Also, the 

/ . gamma-development time 

/ I • carve is much shorter and 

I * / I* higher than for variable 

/' j / density recording. Figure 

/ I B2 gives a comparison of 

X I u HandDcurves and gamma' 

/ development time curves 

iff for the two types of record* 


As previously men* 
tiouedr the dividing line be¬ 
tween the transparent and 
opaque regions should be 
sharp, and theoretically at 
this boundary line there is a 
region of light and no light, 
but actually there is always stray light spilling over into the trans¬ 
parent region and resulting in regions of light and less light, which of 
course reduces tbe contrast. 

This builds up, especially in the case of a high-frequency wave, a sort 
of halo which follows the wave form and produces a region of graduated 
density along tbe wave. This tends to £11 up the valleys of tbe waves and 
to broaden ^ peaks in a manner similar to char desaibed under "Slit' 
Effect" in Chapter III, and distortion and loss of high-frequency results. 

To minimize this effect tbe recording light beam should be focused 
as sharply as possible. 

The new ultra-violet recording, which uses, a filter in the optical 
system to allow only the ultra-violet light to strike the film, has 
naterially reduced this effect by keeping the exposure near tbe film 
surface. 

Tbe shape of tbe toe of the H and D curves for both positive and 
negative ate highly important. The transpatenc portion of tbe print 
should have as low a density as possible, in contrast to a density of 
around 1.5 for tbe opaque portion. This means that tbe contrast on 
the negative must be good, and that tbe transparent part be of vsy small 
density, and. as a consequence, tbe toe of the H and D curve most be 


Carvr* f/J Sra<4c0. 

CaroM (l) for w*. 

Rsore €2 —' H add D corves vicb aiio 
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sharp so that changes in exposure in the loVet'density region cause very 
little change in density. 

A comparison between the critical factors governing film character' 
istics of the two systems shows that for variable density* gamma and 
density eontcol are most impoxtant, while for variable area the shape of 
the toe of the H and D curve and the contrast are most important. 

The effect of noise reduction on variable area processing is discussed 
in the chapter on "Noise Reduction." 



Chapter X 

REPRODUCING SYSTEMS 

hy L. B. CLARK and JOHN K. HILLIARD 

h$ bcousbc out previoiuly m this text, release pcints for use in 
the theatre have both picture and sound on the same film, and the r<> 
producing system consists of two mote or less independent projectors 
—the picture projector and the sound projector. 

We will take up the picture projector first and then explain the 
necessity for the two separate projector systems. 

Consider first the manner in which the film is exposed and then the 
manner in which it is projected. The negative enters and leaves the 
camera at a consunt speed under the action of a uniform speed sprocket, 
but moves through the camera at an intermittent speed under the action 
of a daW'Iike arrangement (called the intermittent movement), con¬ 
trolled by a cam which engages the film and brings it to a scop in a posi¬ 
tion in front of the shutter. The shutter then opens and the film is 
exposed. The shutter then closes and during this closure the intecmir- 
tent again engages the film moving chat particular frame out of the 
aperture and bringing the next frame into position in front of the 
aperture. The variation in speed during the travel of the film through 
the camera is taken up in two loops formed by Che film, one on each side 
of the intermittent movement. 

This entire cycle cakes place at high speed, there being 24 complete 
exposures per second in the camera. 

After the film is processed, it must be projected in exactly the same 
way as exposed, the film entering the picture projector at a continuous 
speed, passing in front of the projector aperture under the action of an 
intermittent movement similar to the camera mechanism, and leaving 
Che projector again at constant speed. For obvious reasons the sound 
track could not be projected in this manner, as one of the primary 
requisites foe high-quality r^roduction ia a constantly uniform rate of 
speed of the film through the sound projector. 

The sound projector is therefore placed behind (in point of time) 
the picture projector at sufiicienc distance to allow the film to be again 
given a constant rate of speed of movement, and explains the necearicy 
for a separate projector for the sound. This distance is usnally about 
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20 frames and ia secured by synchronizing (be sound this number of 
frames ahead of the picture when printing the composite positive from 
the picture and sound track negatives. 

There have been several types of sound reproducing systems in use 
depending upon the type of record each is designed to reproduce. How* 
ever, as sound on film is now used exclusively in motion pictures, and 
as rhe newest installations are capable of reproducing only the film 
record, the discussion in this text will be limited to this type. 

Such a reproducing system consists essentially Of a sound head, an 
amplifier system and a horn system. 

The sound head, whether for the reproduction of variable density 
or variable area track, is made up of a light source, an optical aystem, 
and a photo*eiectric cell. The light rays from the light source act as a 
conur^of of energy while the sound crack acts asacemro/of this energy 
and determines the amplitude and frequency of current change at (he 
photO'elecrric cell. From this fluctuating current, an alternating volt* 
age is derived, and after sufficient amplification, is delivered to (he horns 
which reproduce the sound and project it into the auditorium, 

1. LIGHT SOURCE AND OPTICAL SYSTEM 

There are two general scanning methods, either direct or rear scan* 
ning. both consisting of a lamp whose light rays are carried through an 
optical system and then either through the film and the slit, in that or 
in the reverse order, and then through another sac of lenses to the photo* 
electric cell. 

Direct scanning is illustrated in Figure $7. The light passes through 
the optical unit and is focused on the scanning slit which projects a 
beam .084'^ X .0013" onto the film, and the part of the beam traas* 
mitted by the film is carried to the photocell by a second system of 
lenses. 

Rear scanning is illustrated In Figure 89. Here the light beam, after 
passing through the condenser lens {whose focal point U some distance 
in front of the film). falls directly on the film and the blob of light 
transmitted is focused by the objective lens upon the scanning slit 
(.084" X .0013"). The transmitted light then falls upon rhe pboto- 
cell. 

2. SLIT WIDTH 

The width of the scanning slit has a great elTect upon the quality of 
the reproduced sound, both from the reproduction as well as from the 
recording staedpoint. If the slit is made coo widL the high*frequency 
response b lowered and discorilon is introduced, while if too narrow. 
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cbe overall respooie is lowered and mechanical problems of manufacture 
are introduced. 
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Figure S>. 

Figure 83 shows the relative response from slits of different widths. 
The dimeosion of 0.0013'' was chosen as standard as giving the best 
compromise between the limiting factors mentioned above. 

3. FILM VELOCITY 

Investigation and experimentation have fed to a great many im* 
provemencs in the roechanical set-up of the sound reproducing system. 
Optical systems have been improved, vibration practically eliminated by 
better mechanical dedgn, and the efficiency and response of the speaker 
system have been greatly improved. 

Thus it was that, until very recently, one of the chief limitations to 
high-quality sound reproduction was the lack of constant velocity of the 
film as it moved past the scanning slit. Any variation in this speed of the 
61m results in frequency modulation, which consists in a change in the 
relative frequencies of the signals on the film and leads to the reproduc* 
tioQ of the signal itself as well as to the introduction of harmonics. 

This is a form of distortion called flutter, and reduces the quality 
of the reproduced sound. However. Cbe new-type sound hea<^ now 
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available move tbe £lm at a very constant velocity and for all practical 
purposes, if properly adjusted* Introduce no flutter. 

4. PHOTO-ELECTRIC CELLS 

PboCo-electric cells fall under tbe general claasiflcatioa of pboto* 
responsive devices, which are instruments responsive to radiant energy. 

The term photo-electric cell, in its broadest sense, includes (I) 
photo-emissive cells, (2) photo-conducting cells. (3) phoco-bacriet 
cells, and (4) photo-voltaic cells. All these are similar in that they 
depend upon radiant energy for their action, but from each group a 
different reaction is secured. 

In the first group, electrons are emitted from the cathode under tbe 
action of radiant energy, and collected npon the anode; in the second 
group, the resistance of the cell varies with the illumination: in tbe 
third group, the cell generates en e.m.f. under the action of the radiant 
energy; while In the fourth group, an e.m.f. is produced on one of two 
electrodes of certain materials when immersed in dilute electrolytes with 
one electrode illuminated. 

Only the first group is of inrecest to us in this text, as this type is 
the only one used in motion picture sound reproduction, being far 
more sensitive than any of the other types In certain narrow regions 
of tbe spectrum and can be readily coupled to an amplifier system. 
Consequently, when the term photo-electric cell is used hereafter, this 
type cell is tbe one referred to. Photo-electric cells are responsive to 
radiant energy lying in or near the region of visible light, and act as a 
transducer of the energy, changing the radiant energy into electrical 
energy. 

(a) Principle of Operation of a Photo-Electric Cell 

The principle of operation of photo-electric cells depends upon 
the fact chat when radiant energy falls upon cerraiA metals, electrons 
are caused to be emitted at a rate proportional to tbe total amount of 
illumination falling upon the surface. Consequently, if sneh a metal 
forms the cathode of an electric circuit, and another conductor Is placed 
close to the metal, this second conductor will act as the anode of the 
circuit and z current will flow In the circuit. Tbiu, if properly applied, 
an instrument is available to change the ‘'frozen*' sound waves on the 
film to electrical waves, through tbe medium of light and the use of one 
of these sensitive metals. 

• 71k action of a photo-electric cell is similar to that of the vacuum 
rube in chat electrons move through space from the cathode to tbe anode. 
However, in tbe vacuum tube, electrotu are emitted from the cathode 
under the action of heat, while in a photo-electric cell daey axe emitted 
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Qii4er ebe aaion of radiant energy. The action of the vacuum tube is 
easily explained by the theories of physics and chemistry, but the action 
of the photo*electric cell is not so clearly depicted, as the same theories 
explain only in part the tesulcs obtained. Only at such time as the 
characteristics of light are mote definitely known will the photo-electric 
phenomena be clearly understood. 


(b) PhotO'Electric Materials 

Only a few metaU ernit electrons under the influence of light :n any 
appreciable quantity. The most commonly used are the alkali metals: 
sodium, potassium. lubidium. and caesium, their sensitiveness decreas¬ 
ing in the order given. Also, each has a particular very narrow region 
in the spectrum where ic is most sensitive, but the sensitiveness of any 
of these pure metals may be greatly increased by subjecting them to 
special treatments. 
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There are two general types of photocells^hose containing an 
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[n (he lateec the CMittat cousins totally of the electrotu emitted 
from the cathode from the effect of the light falling upon the sensitive 
surface, but in the former the cathode •emitted electrons ionize the inert 
gas. and. as a consequence, when a sufficient voltage is applied (be current 
is amplified within the cell itself. 

The amount of this amplification is limited by the ionization 
voltage, that is. the voltage at vrhicb a visible glow discharge takes 
place, as this effect is self-perpetuating and injurious to the cell. 

The elfecc of the illumination on the cell depends not only upon 
the material of which the cathode is made, but also upon the design 
of both the cathode and anode, as the photo*electric corrent depends 
upon the total illumination at any instant, and if the anode interferes 
with this illumination the current is reduced. 

Two general types of construction are common: those with a 
central anode and those with a central cathode. 

Figure 84 shows a centraUanode cell, the type most generally 
used, with the cathode bnUt in a semi-circular shape around the anode. 
The envelope is of glass or quartz, depending upon the metal used for 
the cathode and the source of illumination. 

In an ideal cell, the photo*electric current is proportional to the 
total illumination but in practical applications of this principle Che 
relationship Is slightly non* linear 
because of the charging effect of 
the glass wall, interference of the 
anode, refieciion effects, and other 
obscure phenomena not yet folly 
understood. 

It is necessary chat the imped¬ 
ance looking into the output of the 
cell be held to a low value to 
minimize this effect, but the im* 
pedance must also be high enough 
CO insure protection against glow 
discharge. Figure 85 shows the 
relative current plotted against il* 
luoiination at different values of 
terminating resistances. 

The pboto-elecctie effect of 
any certain material depends upon 
che wave length of the light rays to 
which the cathode is exposed. In motion picture work a cathode of 
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cdeswm With a suitable light source is usually used. These cells ace 
rated according to cbeir oncpuc In amperes pec lumen of steady incident 
light on the cathode with the type of'light specified, or in terms of cbe 
slope of the anode current illumination curve. 

(c) Frequency Response 

The frequency response of a commercial ga$*fiU«d photo-electric 
cell drops off in the higher-frequency range of the recording band, due 
to the presence of the gas in the cell and the capacitive effect between the 
electrodes and the dicoit itself. This last effect becomes rhe limiting 
factor and determines the impedances which may be used. 

As the alternating-current output of the photo-electric cell U small, 
the circuit must he shielded or pick-up will result. * The capacitive effect 
of the ctKiiit necessitates close coupling with the first amplifier (P. E. G 
amplifier). 

5. PUSH-PULL SOUND HEADS WITH 

ASSOCIATED CIRCUITS 

Figure 87 shows the schematic of an RCA MI-1070 sound head, 
known as a direct scanning reprodncer, and consisting of a push-pull 
photocell, a special lens and prism assembly, together with a push-pull 
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pbococe!! cransfomei. ThU combtcacioa permits the reprodoction of 
either single track or push-pull recording. 

The 920 photocell contains two anodes and two cathodes. When 
connected through the selector switch for single track ceproduction. the 
cathodes are hooked up in paralleh and the photocell operates in the 
same manner as that of the standard cell. For push-pull reproduction, 
the two cathodes are separated and operate alternately through the 
photocell transformer. pull 

(See Figure 8 7.) Pjgr^U 
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Any single track film may be used to balance this equipment for 
push-pull recording. When set for push-pull reproduction, the balanc¬ 
ing potentiometer Is operated to obtain minimum reprodocrion of the 
recorded sound at high volume. 

Another method which is cnrrencly used in studio review room oper* 
ation is to use altercating current as a source of snpply for the exdter 
lamp and to adjust the balancing poteotiometec for minimum output. 

6. FLUTTER 

To obtain the maximum benefit from increased volume range, 
fiuttec. due to the motion of the film at the point of scanning, muse be 
reduced to an absolute nximnsum. 
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Ifi the reproducciofi of sound Rcording, wher« a wheel with sprocket 
teeth is used to move the JUm, two types of flortec ate encountered. The 
6rsc is due to the irreguU& mocioa imparted to the ftlm as it is engaged 
by the sprocket teeth and the second is due to the noC'quire-constant 
speed of the sprocket wheel itself. For this reason scanners which use 
sprocket teeth have been eliminated in favor of drum*type equipment 
which practically eliminates the 96 cycle flutter. The drum also reduces 
low-frequency flutter when the rotary stabilizer principle is applied." 



—CMmcp //fitttfcJ fio^aeu, l«<. 

Figun —WcKsfi Electric souad bead. 


Figures 38 and 39 show another type of sound head manufac* 
tured by the Vesrera Electric Company. This film scanning system 
is known as the *'reac or indirect projection" type and consists essen¬ 
tially of a a exciter lamp, condenser lens-prism assembly and objecrive 
lens, a st;anning slit behind which is a collimating lens« and a photocell. 

The condenser lens-ptism assembly sbonld be so adjusted that it 
focuses the filament image some distance in front of the film plane on 
the lamp side, so that the film Is iJlumioated with a blob of light. The 
objective lens is adjusted to foens the track image sharply on the'Scao' 
niagslir. the width of which is approximately 1.3 mils. 


* Jearaii of Sodeiy of Motion Pucore EagieRa. October. I9ii. "Ttchnieel 
Atpt<it of lAr Hiqh’FiMU^ Reproducer," E. D. Cook, peget 269*312. 
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The drum which holds the film in place at the point of scanning is 
of the rotary stabilizer type similar to chat used in the KCA sound head. 

Figure 90 shows the wiring diagram of the TA.7400 reproducer 
sec. for boch pusb-puH and single track. 



REAR SCANNING SCHEMATIC 

—Biffiiai RufHh Jiw. 

Pisun SS —Rcjc scjnniaj Khemsde. Vuietn Electric syctem. 

The release of movietone push-pull sound track is very limited due 
to the small number of theatres equipped with push-pull reproducers. 
However, during the past year several pictures have been released with 9 
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limiud number of pcsh-pull copies. It j$ expected that vrUhio a short 
time enough theatres wUl be capable of playing pasb'pull so that it 
wUl be practicable to release posb-puH prints oo a larger scale. 

7. OUTPUT POWER REQUIREMENTS FOR THEATRES 
The use of "Hi'Range*' release pHoc sound tracks, now being re¬ 
leased by some studios, requires chat the theatre reproducer have suffi- 



FisuK 92 — KteomutoM ampK6er ostpuc la d«mie wsits 
in tcrinj of (b« tbeatrt volomc in edUc 
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elect output carrying capacity and effidency to adequately reproduce 
this increased volume range without compression. 

The history of the reproduction of sound has been one of con¬ 
tinual increase In ampllAer carrying capacity. Originally, output 
powers from two and one-half to twelve watts were considered adequate, 
but since then developments in recording have made it possible to 
utilise up to 60 db range, and it has consequently been found necea- 



Fiasre 93 RKeaaesdrd ampli6«r output la deetrie vatci 
ia term of tbe eudag eepMicy of tb< theatre. 
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saiy Co increase the tbeitre equipmenc power'carrying capacity by Urge 
amounts. 

Sound effects which incorponte screams^ eacchqaakes« gunshots and 
other sound effects incident to warfare* demand sensation levels con- 
siderably higher than that which could he delivered in the past, and for 
this reason a maximum output level of not less than ninety sensation 



to «ce 

nwMHC* N GTCUs Pta S(co*« 

Figure 9i **" Optimum reverberation times fordlfferent’frrquenciee 

for X theatre of 300.000 eubte feet eapaeity. 

uniu is now considered necessary, whereas in the past, ampliffer carrying 
capacity baa been limited to fiO db above the chreahold of hearing. 

8. VOLUME RANGE 

High-quality theatre standards determine the necessity fora volume 
range of at least 60 db. which means chat the residual noise of the 
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system* with no modalatioc, shaJI be not less chan 60 db down from 
the maximum undistorced arrying capacity* of the system. For 
example: A nocmal hfty watt system, which has a carrying'capacity of 
plus forty db (6 milliwatt reference). shonld have a noise not greater 
chan minus twenty, while smaller systems should have proportionately 
less noise. 

Figure 96 shows the acceptable noise level for systems installed 
according to the recommendations given in Figuce 92. 

Figures 91, 92 and. 93 indicate a yardstick to measure the 
amount of power necessary for a theatre, when either the floor space 
area, cubical content, or seating capacity is known. These curves, each 
. of which is equally accurate, give the installed amplifier capacity neces¬ 
sary to maintain the standard required for high quality sound reproduc- 
tion. Since the required power is a function of the absorption or lever- 
beration in the theatre, deviation from these curves will be required, de¬ 
pending upon the permissible variation from optimum reverberation 
conditions. 

The optimum reverberation time at 512 cycles per second is shown 
for auditoriums of various volumes in Figure 94. Figure 95 shows 
the optimum reverberation times in the recording frequency range for 
an auditorium of 300,000 cubic-feet volume. 

One method by which this increased volume range may be procured 
is by the use of squeeze track on the release print sound track (see 
Chapter III). 

Prints which have such a volume range are called "Hi*Range" 
prints, and the above mentioned increased amplifier power is necessary 
in the reproducing equipment to properly reproduce such prints. 

Moreover, in reproducing a high volume peint, the theatre manager 
and projectionist should follow the usual method of setting the fader 
for proper dialogue volume, which vrill automatically insure a proper 
reproduced volume level for any musical or sound effects passages in 
the same production. If the volume level of the mueic or sound effeett 
is reduced to a point Icajer than that oeiginally intended at the lime of 
the recording, dialogue passages will be too low for satisfactory repm- 
duction. 

If the equipment is not functioning properly or if there Is insuffi¬ 
cient power capacity, the higher volume portions will reproduce with 
harshness and distortion. 

The use of the higher amplifier power necessary to reproduce these 
prints also requires chat the distribution of sound throughout the theatre 
'be particularly uniform. 



MOTION PICTURE SOUND ENOINBERINO 


i5Z 

A “Hi-Range” print having a range of sound intensity of 50 db 
produces intensity changes which closely approximate those occurring 
in nature, and musical passages so recorded and subsequently reproduced 
with adequate power, lend the added color and naturalness necessary 
to insure a more complete enjoyment of the presentation. 

9. STANDARD NOMENCLATURE FOR RELEASE PRINT 

SOUND TRACKS AND STANDARD FADER SETTING 

INSTRUCTION LEADER 

As part of its program, the Research Council Committee on 
Standardization of Sound Pcojaccion Equipment Characteristics re* 
cent!y published papers on "Procedure for Projecting Hi*Range Prints/* 
"Standard Nomenclature for Release Print Sound Ttacks,” and "Stan* 
dard Fader Setting Instruccions/' which were distributed to every 
theatre in tlte United States, Canada and Alaska, 

The Standard NomenclatUK for Release Print Sound Tracks and 
the Standard Fader Setting Inarructions as speclEed herein, have been 
formally approved by the Research Council of the Academy of Motion 
picture Arts and Sciences, and adopted as standards for the morion 
picture industry, effective December I, 1937. 

Each of these papers is included in this book because of its timely 
interest. 


STANDARD NOMENCLATURE 
for 

RELEASE PRINT SOUND TRACKS* 

As a further step in the program of coordination between studio 
and theatre, the Research Council of the Academy of Motion Picture 
Arts and Sciences recently undertook to standardize the nomenclature 
for release print sound tracks, particnlarly as developments in sound 
recording equipment and technique have recently led to the appearance 
in the theatre field of a number of various new and different types of 
sound track. 


* R^riot from ebe Trcbolal dulkiis of tb« Rrseer^b CeuzKilof dM A<wl«myof 
Medoa Picrore Arc* and Sdeacet, November 24. I9i7, 
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SPECIFICATIONS 

The Standard Nomenclatnre for Release Print Sound Trades 
follows, with examples of each type included in the illusTrations on 
the following pages. 


Plays in “Sid/^ Position of Sound Head Switch 


Single variable density . . > . 

Single variable density squeeze 
Single variable density dcuhle squeeze • 
Unilateral I’aWa&fe area • ^ - 

Bcfateraf oona&re urea > . . . 

Duplex variable area - . - - 


Figure 97 
Figure 98 
Figure 99 
Figure 100 
Figure 101 
Figure 102 


Plays in '*P.P.'' Position of Sonnd Head Switch 


Push-pull variable density 
Push-pull variable density squeeze 
Push-pull variable area - 


Figure 103 
Figure 104 
Figure 105 


Classification as to Type of Recording 

Figures 97. 9$, 99. 103 aod 104 on the following pages, illustrate 
the difierent types of variable density sound tracks, while Figures 100. 
101, 102 and 105, illnstrace the various variable atea tracks. 

As may be seen from the illustrations, these two general types of 
sound track diffet fundamentally in that variable density recordings, 
either ''single'’ or "pDsb*pull.” consist of alternate dark and Ugbr 
striations extending across tl» width of the track and gradually merg¬ 
ing one into the other, the sound being represented by these changes 
in density, while the variable area recordings consist of black and cleat 
transparent sections lengthwise of the film, the sot^nd being represented 
by the w a vy dividing line between these two sections. 

CUssificadon According to Power Requirements 
Necessary for Undistorted Reproduction 

Those tracks illustrated in Figures 97, 100, 101. 102, 103 and 
105. may be reproduced on chose systems having a volume range which 
was considered adequate up to the present time and previous to the 
installation of the anodero improved equipment with its relatively 
greater amplifier power. 
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Figure 103—Piuh'pull 
vinabU dnuit?, 


Figure 104 — Poih* poll 
viHablr drAsit? squeru, 
tboving full'vidih cmk, 
double aquttze of 6 db. 
aad dooble aquerzr 

of 12 db. 


Pigore 105 — 
variable 
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ClassiBcation by Typ« oi Equipment Necessary 
for Reprodaccion 

"Push'pull" tracks as illustrated in Figures lOX 104 and 105, can 
be reproduced only on systems having a double or "push-pull" photo¬ 
cell, together with the necessary associated circuits. 

Figure 104 illustrates the different amount of "squeeze," or track 
redaction, now being applied to variable density recordings. Tl^e upper 
portion of this figure shows a "push-pull" track before the application 
of any "squeeze." the center poctiou a reduction in track width of one- 
balf, and the lower section a reduction of three-foartbs, these being 
reductions of 6 and 12 db respectively. 


STANDARD FADER SETTING 
INSTRUCTION LEADER* 

To further aid the exhibitor in the proper handling of "Hi-Range" 
prints the studios, commencing about December 1, 1937, will utilize 
that part of the Academy Research Council Standard Release Print 
Leader which has been designated for use for any pertinent information 
to be fransmitted from studio to theatre. 

A portion of the specificat ions for the Sta n d ard Release Prin r Leader, 
indicating the location of this instructional information, is shown in 
Figure lOd. with derails of the information to be known as "Standard 
Fader Setting Instructions" being illustrated in Figure 107. 

SPECIFICATIONS 

The Standard Fader Setting Instruction Leader shall consist 
of 15 frames focafed as specified (Aeademg Research Council 
Standard Release Print Leader) co the synchronixing leader} the 
first frame shall designate the type of print; the second frame 
the type of reproducing equipment necessary to project the print} 
and the next nine frames the general fader setting apeetded in 
relation to an average fader setting for the particutar product 
under consideration. The remaining frames mag be used for 
whatever additional information the studio may wish to transmit 
to the theatre. 


* Reprlated frQm tbr Technical BsUedn of (he Rnearcb Coudcll ot rbc AcadcpiT 
of Modoo Pkntt Am ud Sciuos. Novsiaber 24, I9i7. 
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This instruction leader will be of assistance to the exchange in 
that it will facilitate the special handling required in the exchange for 
the various types of printer by providing an easily noted means of 
identification for each type. 

It should be noted that the designation "Regular” in the Standard 
Fader Setting Instruction Leader indicates that only one type print has 
been issued on the particular production under consideration. Produc* 
tions with prints designated as either "Hi-Range” or "LO'Range” will 
have been issued in both type prints. J.e.. all productions on "Hi*,Range” 
prints will have necessarily been issued on ”Lo-Range” prints as well. 

This instruction leader will also enable the pro jeccionist to identify 
a print which requires a "push-pull” reproducing system as contrasted 
to a print requiring a "single" system. 

In order to identify more plainly the "push-pull” or "single" 
system prints, it was decided to include both the X9tms "push-pull” 
and "single” on every leader, crossing out in the laboracoty one ot the 
other of these two to leave the appropriate term designating the type 
sound track on the print. The illustration of the Standard Fader Setting 
Instruction Leader shown in Figure 107 indicates the manner by 
which this was accomplished for leaders which would be included In 
prints containing a sound track for reproduction on a "single" system. 
For leaders to be included in prints contaioing "push-pull" tracks the 
word "single" would have been crossed out. leaving the word "push- 
pair' to indicate this type of track. 

In order that the exhibitor may achieve the best results, the fader 
setting designated in this leader should be followed in general, inasmuch 
as the entire balance between the dialogue and music tbrougbout the 
reel will be chosen for each designated setting. 
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SPEaPiCATIONS FOR 


Acddemy Research Coonctl Standard Release Print Leader 
Showing Location of Standard Fader Setting InstmcCtoas 



ngete lOe. 


Sort rlcMn 


For epedficatioas foe motor and changeover cot location and reel 
end leader, see complete Academy Research Council Specificatioas for 
35 mm. Motion Picture Releaae Priots tn Standard 2000^ Lengths, pub¬ 
lished Jannaty 6, 1936. 
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Figure J07 — Sundatd fader sitting itutrucKoo Uadera. 














































Chapter XI 

SOUND CIRCUITS 

By JOHN K. H1LUARD 


1. THE REASON FOR CHOOSING PARTICULAR 

IMPEDANCE CIRCUITS 

Many students of engineering often ask why. in eommunjcacion 
circuits. 5 0. 200 or 500 ohm input and output impedances arc used, and 
why in power circuits, a voltage of 110 U used. Inasmuch as the second 
question is mote easily answered than the first, we will dispose of it by 
saying that there is no technical reason for a voltage of 110, other than 
chat such voltage just happened to be selected, and has been used com¬ 
monly for want of a good reason for changing it. 


As for the first question, in voice and speech circuits, the length of 
circuit determines the loss-frequency characterlsKc for any given imped' 
ance. For very high impedances such as 10.000 ohms or more, the 
high frequencies (5.000 to 10.000 cycles) are attenuated much more 
rapidly than the low frequencies, due to the fact that the reactance 
of the capacity of the wiring is comparable to that of the circuit 
involved. 

Considet the circuit illustrated 
in Figure 108. At the lower fre* 
quendes the reactance of Cg (which 
represents the stray capacities of 
the circuit and for purposes of 
illustratioD will be assumed to be 52 Circuit i 06 — CiRsit iiiuftridBg 
in shunt across is so high f 

that it has practically no effect on 

the power dissipated in Rt and can therefore be neglected. The man* 
mum amplification of the circuit b then 



El At 
Eg Rg + Rt 


(27) 


At higher frequencies where the values of Xo become effective in the 
ciicoit. the extent of attenuation is indicated by the ratio of actual 
amplification at these higher frequencies to the maximum amplification. 
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Acfaal amplificacioQ 


Marimam ampli^cation 


(28) 


where R = the eqoivaleQt resistance of Ro and m parallel. 

If now we assume chat Ro and are each equal to 1 megohm (10* 

ohms), then R ss = 500,000 ohms and, at a frequency of 

Kfl -j- Ki 

10.000 cycles. Xc ~ 500.000 ohms. 

The ratio of actual Co maximum amplification 


1 



= 0.707 


V5* 


or an attenuation of 3 db. 
At 3,333 cycles the ratio la 
1 


1 


, . , / 500.000 y / 
’ * ( 1.500,000 ) ' 


tTT \^0 


^ 0.95 


ot an attenuation of 0.5 db. 

If Ao and A& were taken as 500 ohms each, the ratio of actual to max* 
imam amplification ac 10.000 cycles 


The value of -^is thus so small as to be negligible and the ratio of 

Ao 

actual to maximum amplification is practically one. 

Thus we see a given capacity is less critical when circuit impedances 
are low. For thb reason impedances of 500 ohms or less are practical 
values to use. 

Where inductive pick-up is to 
be taken into consideration it is 
desirable to keep the impedance as 
high as possible or around 500 
ohms, so that the voltage is high Fisen 109 — Pbotonii oorpu 
compared with the induced voltage. <«plrf b? i tcaaiforaer. 

This is done in modern photocell output circuits by the use of a trans* 
former, as shown in Figure 109. 


* 71m derivation of e^tvoo f2A) Uibowo oa para 176 aod 179 of Temua'a 
Atrfro Engintring." 2ad ^inoa. 
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2. CONDITIONS FOR MAXIMUM TRANSFER OF 
POWER FROM ONE CIRCUIT TO ANOTHER 
The maximum power will be absorbed by one network from 
another which is coupled to it at two terminals, when the junction 
impedances looking into the two networks are conjugates of each other. 

It can be demonstrated that the maximum powet is absorbed from 
a generator when the external impedance is the conjugate of the internal 
impedance. Let us consider the case £rsc where Zq and Zi are pure re¬ 
sistances. In Figure 111 ‘A, where 2<, = and Z^ r: At 

t _ Eg 

Ro + Rs. 

D _ r s D _ _ Eg* Ri 

* ^ 
DiiTerentiating the above equation and equating to zero CO l^nd the- 
maximum power, gives 




^»-2At CRo + Ri.)l 


(Ra-f-Ra)« 

Ae* + 2AoR2, + Rt*-2Ag At-2At* = 0 

Ro — At (for maximum power transfer) 



Pigur< 110 ~ Sbowima the idAtiv* pavtr oatpuc ii different nlloe gf 
genmior aad load rcMCuca (uaxlnam oacpQt wbrn lead 
Mxiauiue equla {nunror rtaataoce). 


If Zg and Zt, have reactance then 


E I 

= (A« + Ax)*+ + 
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and it can hi aetn that as regards tbe reactance X, the power is a maxi¬ 
mum when 

(Resonance) 

which means chat when Zi is inductive* Zg should be capacitive, indi¬ 
cating that a reactive load should be equal in impedance but negative 
in angle: that is. the impedances should be conjugates. 

In power circuits, impedances are never matched to secure the greatest 
amount of power in the receiving circuit, since the efficiency under these 
conditions is only 50fo. Power devices are xated on maximum possible 
load current within the safe heating range, and this safe current is con¬ 
siderably less chan that which would dow if the circuit were matched. 
In recording circuits, bowever, where the cost of power is not a first 
consideration, and where currents are small so that cempecatute rise is 
negligible, considerable use is made of impedance matching to obtain 
maximum transfer of power from one circuit to another. 

This brings us to what is known as the ncipeocUy theorem, which 
states that when a source of voltage is connected across a pair of 
terminals of a passive four-rer/n/na/ netu^ork, and an ammeter cs con¬ 
nected dcross the other pair of terminais, the source of voltage and the 
ammeter may be interchanged u'lVhour altering the reading of the 
ammeter. 

The effect of insetting a circuit element in a geneial network can be 
calculated by considering the current in the receiver before and after 
the element is inserted. 71m current in 



ibe receiver when the two circuits are connected together is 


/z = 




Zo + Zi 

When a series impedance Zi is inserted between terminals 1-3. Figure 
111 - B. the receiver corrent is 




^0 + ^1 + Z \ 


(30) 


Hence, the ratio of currents before and after the insertion of the series 
impedance is 
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Ii Zo + Zt + Zi 


(31) 


Likewise, the carrecc when Zi is connected in shunt across the temi- 
naU 1-2. Figure 112, is 


£o Zi 

^‘-Zo"(Zx+2:o"+z2zr 

_Zi_ 

I'l Za (2z. + 2i) 


Za + Zfc 



Fr Zi (Ze^ + Zx) 

/l Zi (Z(? + Zl) + Z© Zt 


(32^ 


NOTE^Io rbe ease cf pure misUBce, eubtiitore R Z la tbt above cqoadoas. 
aod vbeee Z is reaelive it most be lesiembexcd that ZU* vector quantity. 


Problems on the Effect of Inserting Impedances In a Network 
Gti'cn: Qrcuit diagram Figure U UA. where the generator and load 
impedances are resisunces. It., Z<a = Ro and Z^ = Rt. 

Ro^i Ris 500 ohms 

a V • 

1. What is the loss in db if a 500 ohm resistance Ri is inserted in the 
circuit of Figure 111-A between terminals 1*3, as in Figure 111-B? 


Let II = the load current before insertion of the resistance. 
= the load current after insertion of the resistance. 


Then 


Rg + Rl 


Re -f- ^ + 
1000 


1500 


= 0.67 


(Eq. 31) 


From Table VI, Page 455, an attenuation ratio of 0.67 indicates a 


loss of 3.5 db, oriV^» = 20 logw ^ = 3.5 db. 

2. What is the loss in db if Ri of problem 1 is inserted in the cirenic of 
Figure 111-A between terminals 1-2. as iri Figure 112f 


. I't R. + Rt) • 

11 Rj (Rff + Rl) + Rff Rl 

_ 500 (1000) _ 500.000 . .y 

” 500 (1000) +250.000 ”750,000 
Atcentucion ratio = 0.67 
Loses 3.5 db 


(Eq.32) 
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3. Find: The loss in db in the above circnit it an inductance of 1.6 

benriea is inserted between cerihinals 1'3 of Figure 111'A. at 

•» 

(a) 50 cycles per second 
Cb) 10,000 cycles per second. 

Given: Circuit diagram as in Figure 111'B wheteZa ^ = Rt, 

and Zi ss jX. 

, Atf = At=s 1,000 ohms: I, 5= 1,6 henries 


Aq 4- Rl 

■. 

1000-f 1000 


(Eq. 31. where Zi = ;:X) 
X^lTfl 


so loss in db =1 0.3 

(b) at 10,000 cycles 

X = 2ir 1.6 X 10,000 = 100.000 


Rq ^ Rl, 



100,020 


= 0.02 

so loss in db = 34 dh 

NOTE: Thu prohUiB iltuttrarei (be rslahv* loss due rosa iadiKtsace ia series wi(t 
tbe lud (si tb« spproxuBstc linlu of (be bud used in recetdioa) ti low ud bigb 
‘fre^acacies. • 


3. A STUDY OF POWER DELIVERED BY A CONSTANT 
VOLTAGE GENERATOR TO A LOAD CIRCUIT 
If a. battery has no internal resistance, Ra. that is, if = 0. then 
/« = infinity, where = the short circuit oirrent. Actually, however, 
this is never the case, for a battery always has some effective internal 
resistance. This resistance may be as low as 0.001 ohms for a huge 
storage battery, or up to one megohm or more for a silver chloride 
battery, depending upon the physical and chemical make-up of the 
battery. 


% 
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We can. however, represent a generator or a source of power as a 
zero resistance generator with an accompanying external resistdRCC, 
thus: 

B^Eo^IoRq (33) 

Where E =: effective voltage across the power source with circuit closed. 
E(9 = open circuit voltage across the power source. 
la = the current flowing m the closed circuit. 


This is known as the eqoiv- 
alent generator theorem and 
applies to any circuit from 
which power can be taken. 
(See Figure 113.) 



Figure ) I 9 ~ Ciecuir diigNjn sbowtng rquivjlent 
gescrsMt dteuic. 


If we let Rt = load resistance, 

El. = the voltage across the load, 
Ji, £= the load current, 

Wfc = power consumed by the load, 

E^ = Eo 


then It is found experimentally that as Ri U varied from infinity to ze^o,. 

1 1 varies from zero to /«, Ei. varies from ro zero and W^ ( = 

It Bi) varies from zero ro a maximum and back to zero. This maxi* . 
mum Wi. oaucs when ^ Ro- at which time Efs i E^: /z ss 

Here it will be noted chat the condition for maximum output means 
Wo s: Wt and therefore just as much power U dissipated in the gener* 
acor as in the load. 

By definition, the voltage regulation of a system is 

Voltage Regulation (in per cent) « 100 (34) 

Ro = Ri. the voltage regulation is 

V.R. = ~ 100 3= 100 pec cent 

cz 


Where 



168 


MOTION PICTURE SOUND ENGINEERING 


In the ilternating-current case we must change oar resistance to 
impedance, which means that we now have two independent variables 
instead of one, namely, the resisrive and reactive components of the 
impedance. 

In clrcnits which are not matched, reflection takes place at the 
point of mismatch. The amonnt of refleetioa will depend upon tbe 
ratio of tbe impedances looking in the two directions, that is 

Reflection factor = ^ 5 ) 

If 2$ = Zt. tbe reflection factoc s? 1 (transmission factor), 

The reflection in long circuits produces reversed currents, which 
may be out-of-phase sufficiently to nullify tbe incoming current, bat in 
motion picture work this is of no appreciable value, since the time be* 
tween tbe reflected wave and tbe original wave is in tbe order of a few 
microseconds, due to the short length of these circuits, However, when 




_I^.^*** ^ If Ifm I . . . 


TlM cemt ibev tbe Iom, in decibds, reialius ttMi s mieiDaKh of cireoie tiapcd* 
aficei, i$. fw loAiaee, evuectug a 200*ob« Use to a ^00-obm ampUfitc lopoc 
Tbe chart is a plot of tbe eqnatiOB^ 

r. , <1—r)» 

Loai (in db) s: 10 log»j^^ ^ 4rcoa*^-|- 

Losks For valaes of fi aot p«eA oa tbe cbaR ina7 be found bf uae of tbii eqaadeo. 

Example of rbc uae of ebe chart: Assente that a ciectrir bavjai an tmpedsoea of 
S 0 /—40* is coBoacred to a dnuit with ao uapedaace of jOO yi30* . Adding tbe 
angiet ilgebraicallr. we ^ $ s 90*. Tbe ratio r of (be abadote valoea of tbe imped* 
aoces ii 500/50 s 10. From tbe chart at the intemetioa of fl ^ 90* and r s J 0 
ia read (be loca 7 db. on tbe left ordinate. 



Pigore 114 — -Loaaea id mUinarebed drcnica, 
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working with vacuum tuh« ontpoc circuits feeding j&to a loud-speaker, 
the unpedances are matched because cercaio types of vacuum tab«, such 
as pentodes, ace critical to load impedance. A loud-speaker at its 
resonant pcunt when working from a pentode, illustrates this type of 
matching, being able to absorb a great deal more power at its resonant 
point since its impedance is high. 

A specif example of a case where the problem of mismatch between 
circuits is negligible, leading to no cesulcaot distortion, is a mixer 
circuit, as it is only necessary that the output circuit from the amplifier 
be proper, and that the input to the following tube be such a value chat 
the frequency characteristic is maintamed. 

The term, charactenstic impedance. Z,. is defined as 

Z, = (3ft) 

Hence, it is possible to find the Impedance of a four-terminal network 
with an impedance bridge by measuring its open-circuit and closed* 
citcait impedances. 

Example of Power Output Regulation Through 
Impedance Matching 

1. Power Case: 

If we assume that the open-circuit voltage across a generator is 115 
volts, and that this voltage drops to 110 volts when a load drawing 
30 amperes is connected to the generator, then: 

Ea — Et. 115—110 1 . , 

-=-g- = 0.167 ohm (Eq. 33) 

If now we were to match the generator and load impedances 
{Zi Zq) . then we would find that 

= 344 amperes 

which would bom out the equipment. It is therefore not always possi¬ 
ble or advisable to match load and generator impedances In order to 
secure maximum power output. 

2. COUMUNICATIONCASE: 

Aasome Zo = 500 ohms, ^ 20 volts. 
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Then if 


Z|.= 

10.000 ohflis 

}j_s 0.0019 


1.000 

s 0.0133 

.s 

500 

= 0.020 


200 

s 0.0286 

a. 

50 

s 0.0364 

a 

0 

b0.04 


£^= 19.0 volts P^B 0.0361 vtfii 



13.3 

s 0.177 

_ 

10.0 

= 0.20 


5.7 

= 0.163 

— 

1.8 

s 0.0655 

— 

0 

= 0 



FORMULAE 


/ go . 


£« ^ Zg Zi Ii'. 


Figure 115 — Grtait 6u* 
gram for Example 2. 


Ei = Zi III 


El- 


Zo + Zl 


Eo-.PL = ELh 


4. SHIELDING 

Among th« imporunc and perplexing difficulties encountered in the 
design of recording and reproducing circuits are pick*up and cross-talk 
signals. Altboogb the amount of energy encountered U very small it 
may prove extremely difficult eliminate. 

The problem of shielding is comparatively simple in principle but* 
in practice, radical steps are often necessary To eliminate pick-up and 
cross-talk. 


One method of approach is based on the fact that the movement of 
energy at right angles to the circuits, which is the cause of pick-up. 
follows the same basic law as those laws which govern the desired trans- 
mUsi on. Prom this point of view an elecno-mag netic disturbance starts 
from the conductor and spreads radially outward throughout the sur¬ 
rounding space, const ifnting the first section of the radio transmission 
line. At the beginning and end of the shield the electrical characteristics 
of this line suddenly change. Outhde of the shield the radio transmis¬ 
sion line extends into space, but if the shield is correctly constructed very 
little energy is able to teach this section. 

In their progress through metallic substances, electro-magnetic 
waves are attenuated at a rate depending upon cbe frequency, permea¬ 
bility. and coriductlvity of the metal. Tliis attenuation is brought 
about by conversion of electrical energy into beat. 

The ejTeaiveness of a shield is due partly to the attenuation and 
partly co the reflection occurring at the boundary of the shield because 
of the mismatch, in radial impedaoce, of the shield and surrounding 
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insulator. As shown in Figure 116. the rsdisl impeddoce of copper is 
very much lower chun th^t of sir. This means that while at any particu* 
lar frequency there is no reflection between iron and air. there will be a 



riguK ns — Curves showcns ih« taSial imyedss(« 
oT sir, iron snd ropper at diiTcrent rrequnclra. 

large reflection between copper and air. For this reason, in chin shields 
the higher attenuation loss of iron may be more than offset by the greater 
reflection between copper and air. If a composite shield is made of 
alternate layers of copper and iron, the effectiveness of the shield is very 
much greater when the outside layers are made of copper, due to the 
fact chat the reflection loss between copper and air is higher since the 
anennation loss is independent of the arrangement of the layers. 

Another interesting fact is that while non*magnetic shields become 
increasingly effective with increase of frequency, this is not always true 
with magnetic shields. At low frequencies magnetic shields are very 
efficient As the frequency increases they sometimes become less effective 
but ultimately reach a minimum beyond which they improve again, so 
that at sufficiently high frequencies they are always better than non¬ 
magnetic shields. These characteristics are due to the manner in which 
the impedances mismatch, as previously explained. 

In the case of non'magnetic shields the impedances of the shield and 
dielectric are always mismatched except for zero frequency by an 
amount which increases with the frequency as shown in Figure 116. 
while for magnetic shields the mismatch is latge at low and high fre¬ 
quencies. but is small at certain intermediate points.* 

5. LONGITUDINAL CURRENTS 

Very often in recording or reproducing circuits. Inductive inter* 
ference is picked up where currents are induced into both sides of a 

•Bdl UborafpTT Rteori, TA*ofV ^ ShiM/nf ,” hr S. A. S<bclieaoC, 
kbcdi. 193&pAte 229*23t 
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circuit 10 . the same direction in paralle! paths, and the return path (s hj 
some other part of the circuit (such as through the ground). If the 
impedance of the return path to ground is high, cross'calk roay enter 
the circuit. Gx)ss'talk currents often have a considerable magnitude 
when the communication circuit is exposed to power lines, due to ir^ 
regularities in balance in the former circuit. 

The most effecrive way of reducing the longitudinal current Is to 
provide a short* circuit path to ground for this current oc to create an 
open-circuit to this longitudinal current without affecting the traus* 
verse circuit 

Accurately balanced transformers may be inserted at both ends of 
a circuit* with a ground at the mid'point of each transformer as indi¬ 
cated in Figure 117. 



6. METHOD OF ACOUSTICALLY ADDING 

REVERBERATION TO SOUND TRACK 

It is often desirable to increase the reverberation in an original sound 
track through the medium of recording. 

During the earlier years of studio sound recording experience, this 
was accomplished by UMDg staggered or offset tracks whi^ were lined 
up a few frames apart and then mixed together to secure the desired 
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Attempts were also made to use loud*speaker systems in highly 
reverberaac echo chambers, combining in varying degrees the pick* up 
from them with Che original sound. This system has been used to effect 
t different amount of “presence” in playbacks, depending upon the 
picture cut, to gain the proper perspective. However, when a large per* 
centage of the sou ad is taken from the echo chamber, the high degcee of 
quality required is not maintained due to the deficiencies in the loud 
speakers available. 

Since the adoption of the current two*way loud-speaker systems, 
it has been found practical Co re-record a sound track acoustically from 
an echo chamber. The distortion apparent when tbb track is compared 
back to back* with the original is a minor order effect, often not de¬ 
tectable at all. This is a very practical method of adding reverberation 
in recording without loss of the frequency characteristic of the original 
recording. 

The necessary set-up consists of splitting the mixer into two banks, 
one bank for the control of those tracks which are intended to have 
reverberation added, the output of this bank being divided into two 
paths with isolation amplifiers. One path is directed into tbe echo cham¬ 
ber. the pick-up from this chamber appearing on one position of the 
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second mixer bank. The output of the second path of the first mixer 
bank appears also on the second bank, in this manner, the sound enter¬ 
ing the echo chamber ispre-mixcd and later combined with the original 
crack to complete the desired illusion with the picture in terms of 
perspective, (See Figure 118.) 

The echo chamber in which the horn and microphone are placed 
may be a room of approximately 10,000 cu. ft. volume, having a rela¬ 
tively high reverberation time. Studio experience indicates that a re¬ 
verberation time of approximately five seconds is ample for any desired 
effect. Thb time period is obtained by lining the walls with a glazed 
hard surface material of considerable weight (sheet rock, or hard mason¬ 
ite covered with a bard paint has been found to be very practical), with 
the door of painted wood or cement. 

In order to obtain a flexible system of operation, so that more chan 
one sound track may be passed through the chamber, the portion to 
have reverberation added must be "pre-mixed.” • 

7. PRE-RECORDING 

In order to maintain a degree of illusion of reality in music com¬ 
parable to the degree of lllusioo of reality obtained in dialogue re¬ 
cording. somewhat more complex methods have been devised for 
recording music. 

Practically all songs appearing in present day motion pictures arc 
' pre-recorded." which means that the music is recorded before the 
actual filming of the picture. This is oecessacy in order that the con¬ 
tinuity of the music may be maintained regardless of camera angle, 
which may shift in direct cuts from a long shot to ntedium shot or close- 
up and back, depending upon the dramatic requirements of the scene. 
Naturally, a steady flow of sound must accompany the picture regard¬ 
less of the camera angle, and this steady continuation of music could 
not be maintained by direct recording at the rime of the filming of the 
picture. 

For "pre-recording.” a play-back system has been devised, consist¬ 
ing of a portable disc or film reproducer, driven in step with the camera 
by means of either a synchronous or an interlock motor system, and used 
io conjunction with one or more horns located about the set 

The music previously recorded is played through (hb reproducing 
system and the artist, hearing the previously recorded song, provides 
the action by singing in front of the camera in tempo with the original 
recording. In this way a scene may be broken up into a series of shot: 
takes and need not necessarily be shot in its entirety at one time. 
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An Automatic stop*jtait turn tablc» controlled by the director on 
the set, has proven a valuable tool in the use ot play-backs. 

The success of the pre^rccording method depends upon the indi¬ 
vidual aptitude of the artist in providing well synchronized sound and 
picture, as well as adept editing of the sound track and picture Co re* 
move any out-of«sync condition' 

A number of recordings of the same musical selection may be 
intercut to give the best possible rendition of the musical number. 
Instead of selecting a completed recording because it is the best overall 
average take, it is possible to intercut the best parts of a number of 
takes, thus reducing the effort on the part of the artist to record perfect 
complete takes, and considerably reducing the time required to obtain 
any given scene. 

This technique of course requites a very high degree of precision of 
both artist and equipment, in order that exact pitch may be maintained 
between takes of the same number. 


Chapter XII 

MEASUREMENTS IN SOUND CIRCUITS 

Bv JOHN K. HILLIARID 

1. METHOD OF MEASURING HARMONICS 

The Wein Briege Method of Measuring Harmonics; Thw 
bridge cinses a network of resutaocea and conden$ers to co&ipIecelT 
balance out the fundamental frequeocy and when harmoiiics are incco- 
duced bf an oyerloaded amplifier or a dabbing light valve it ia poadblc 
sot only to bear the harmonica as they are being generated, but also to 
measore their amplitude. 

2. LOAD CARRYING CAPACITY OF AMPLIFIERS 

When cbe input voltage to an amplifier is increased to a point 
causing overload, the ouput voltage does not maintain the same wave 
fonn, and rbe distordon chat results produces harmonics of frequencies 
not present in the signal being amplified. Usually in bigh-grade ampli' 
fiers when the output is mote than 10 db down from its raced output, 
tbe percentage of harmonics is very small. Pot some time past it has 
been customary to rate the load carrying capacity of an amplifier at a 
value which produced 5% combined harmonics. Recently, however, 
this rating has been superseded by 1 % total harmonics since high-grade 
reproducing equipment requires a much higher standard chan formetly 
used. It has been customary to rate the amplifiec in terms of the r.m.s. 
amplinide of the harmonics expressed as a percentage of the fundamental 
ftequency component. The tendency will be to rate the amplifier in 
terms of the number of decibels difference between fundamental and 
harmonics. When making these harmonic measurements, it will be 
found desirable to check new set-ups at very low frequencies as well as 
at 1,000 cycles, since in most cases the carrying capacity is considerably 
reduced at the low frequencies because of transformers which have 
insufiicienc core material. (See Figure 119.) 

METHODS OF MEASURING IMPEDANCE 

If a source of frequencies such as an oscillator as well as either a 
power level indicator or a peak voltmeter and a variable resistance are 

I7fi 
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availabk, the resistive impedances of equipnienu may be measured in 
the field by the a 5 >proximace method following. !o the lirsf method 



Fig BK 11$^ — CurTc ibovlof (be per eea e bannonie* 
pment ia an aaplifier. 


(see Figure 2 20), which is of use in measuring load impedances, a cali* 
biated variable resistance is placed between the generator and the load. 



The resistance Is varied until, with the use of the peak voltmeter or 
power level indicator, the same voltage is obtained across the series re' 



aace Rt. is quaJ to the amount indicated by the calibrated variable 


resistor. 

The second method (see Figure 121) is useful in field woek to 
measure the output impedance of amplifiers. osdUatora. etc. It coaaats 
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of phciDg: a volug«-indicsting d«vicc acro&s the groerator terminals and 
meaSQcIng cbe oucpac voltage with and without a known resistive load; 

that is. £{. and £9 respectively. For this condition ^ = l4-^from 

ct Ki, 

which may be computed, since all other items of the equation are 
known. Where a volume Indicator is used to Indicate voltage. Eg and Ei 
may be obtained from the difference in db between the two level read¬ 
ings by means of the equation, 

db difference = 20 log & 



Piaon I 22 —Shsnt roethod of in<djurin| renttanc* impedaoM. 


R 

The cu rve of Figure 12 2 gives 5 ^ direct! y in terms of this difference read- 

Kg 

ing in db. It is noted that where cbe known load impedance is equal 
to the generator impedance, the db difference reading is 6.0 db: that is 
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GRAPHICAL SOLUTION OF BRIDGING LOSS 



Figure 124 — Cnpbla] MbHm of bridgiDg icm. 
(Wlxo aad Ai of Fifiuc 125 m*np»j,) 
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When U it desired to measure the effect of bridging one resistive load 
across a circuit as shown in the bridging loss chart of Figure 123 or 124. 
the loss realized is equal to 

L 

The curve of Figure 123 shows this loss plotted against the ratio 



71)is cueve may also be used for indicating the corrections for power 
level indicators when used on impedances other than those for which 
they are calibrated. 

4. METHODS OF MEASURING DIVIDING NETWORKS 
With the use of high quality, two-way loud speaker reproducing 
systems, which utilize dividing networks to distribute the power be¬ 
tween the di^erent bands, it is necessary to determine that the division 
of power is taking place properly. This Is done by measuring their 
characteristics by the following method. The network is placed at the 
output of the amplifer from which it is to receive power, and the horn 
loads are removed and resistances equivalent to the speaker impedances 
substituted. A power level indicator is then placed across the low- 
frequency branch of the network, and a curve is obtained chroughour 
the complete frequency range. The meter is then switched to the high- 
frequency leg and the procedure duplicated. 



The usual half-section dividing networks now used in the field 
have an attenuation of 12 db per octave if the crossover p<^c is at 300 
cycles. This means that the attenuation in the low-frequency leg U 
12 db down from 300 cycles at dOO cycles, and that the arteiknatioB m 
the high-^quency leg is also down 12 db fcom 300 cycles at 150 
cycles. Id an efficient network of this type the minimnm loss at the 
crossover point will be not less than 3 db and nsnally runs appros- 
mately 3H db. 



182 


MOTION PICTURE SOUND ENGINEERING 


5. MICROPHONE MEASUREMENTS 
<a) Distordon 

The microphone introduces distortion into the system, depend* 
ing upon the size of the microphone and the cavity resonance present 
in the microphone, the effect of the latter varying with the relation of 
the wave length of the sound to the dimensions of the cavity. Con¬ 
siderable research has been done in measuring these distortions, and it is 
a well known fact that the microphone and its enclosure should be made 
as small as is commercially practicable. 

Due to the fact tha t the dynamic or moving coi I type of m icrophone 
requires chat the concents of the various elements of the circuit be so 
chosen that cbe magnitude of die impedances be the same at all fre¬ 
quencies, the microphone response is obtained by acoustic equalization. 
This equalization, which varies with frequency, usually takes the form 
of modifying the stiffness of the diaphragm, and providing vent or 
escapement tubes between the front and back of the diaphragm. 

As a result of these various methods of equalization. it has proven 
di^colt CO manufacture these microphones commercially with a high 
degree of uniformity, while on the other hand, it is a comparatively 
easy task to so manufacture condenser microphones. Recently it has 
been found practicable to make small condenser microphones with a 
diameter of less than one inch and with gain-frequency and directioiul 
charactensiics superior to those of the dynamic type^ Since their size 
U small, distortion due to cavity and diaphragm resonance, and distoc* 
tion due to field disturbance, has been greatly reduced. 

In the near future it is very likely that this microphone will again 
come into popular use for dialogue recording. 

(b) Microphone Calibration 

In order to establish the characteristics of a microphone, it should 
be tested to determine its sensitivity. gain-frequency response charac- 
tcristic, impedance-frequency characteristic, and directivity. Since 
sensitivity and gain-frequency characteristics can be obtained in terms 
of the pressure of the sound wave, the sensitivity is usually expressed 
in terms of the power output across a resistance load equal to that into 
which the microphone is designed to operate. The Impedance charac¬ 
teristic will give a measure of the variations which arise when matching 
the microphone to the input of an amplifier. 

A very practical method to obtain a pressure calibration of a con¬ 
denser microphone, is to apply an electrostatic driving force to the 
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diaphragm, which can b« done by moaating a Axed plate neat the 
diaphragm, and applying an alternating voltage between the two 
snrfaces. * 

If two parallel plaus are separated by a distance d cins. in air, and 
a scarvoltage £ Is applied between them, the electrostatic pressure de¬ 
veloped is 

£1 

P = g dynes per sq.cm. (37) 

Now, if a sinusoidal voltage is applied where E sin wr., then 
P = (instantaneous value of P) 

. ■ (I -ccs2i^)« 

16-.d* 


which shows that the pure alternating*cnrrent voltage will develop a 
pressure of twice the frequency. 


If the same alteinating'cuirent voltage (e«, sin «/) were applied 
superimposed on a Axed direct'Current voltage, eo, the pressure developed 
will be 

-5735- ( 38 ) 

as £ is now equal to (eo + tm ain «t). 

This equation when reduced to practical values, that is. £ in volts, 
will be 


p_ 8.85^X, ,o_. (35) 

where P = r.m.s. pressure in dynes per sq. cm. 

ft} direct*current polarizing potential in volts 

e = r.m.s. value of the alternating-current 
component in volts. 

In the case of ribbon, unl-direccional and dynamic microphones, 
the field calibration is the most reliable type of measurement, and can 
be made by placing the miccopboue in the field of a loud-speaker 
whose characteristics are known, and then measuring the output of the 
microphone for all frequencies impressed on the load-speaker. Since 
microphones and tbeic associated amplifiers are subjected to consider¬ 
able handling when used on a motion picture pcodoction, it has been 
found necessary to make routine measuremeots at frequent intervals. 

A reliable check on such equipment consists of the following pro- 

A source of voltage from the measuriug set is inccoduced by means 


of a transformec, or attenuator, or combination of both, with a very 
* AfipM A^ctiuka. CAfon and Musa, pagea 225 >22$. 
tedure: 
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icull resistance in aeries with the microphone. In this way, continuity 
U established between the micropbone and irs associated amplifier which 
will indicate poor contact, high resistance leads or decreased gain in 
the microphone amplifier. In the case of the ribbon microphone, the 
insetted resistance should be not greater than 1/10 of an ohm, while 
in the dynamic type of microphone, which usually has iDternal imped' 
ance of approximately 50 ohms, as much as one or two ohms can be 
placed in series without change in characteristic. 

In the making of gain-frequency responses of certain component 
parts of a system, it is necessary that the test frequency have a good 
wave form/ because of the face that when filters are connected tn a circuit, 
iheir true loss will not be indicated if the test frequency contains hac* 
monies. For example: If a bigh'pass filter (which normally has a sharp 
cut-off at 100 cycles) is being tested, and a 50 cycle frequency with 
hannonics in it which are not more than 10 db down at 100 cycles, is 
impressed on the circuit/ the filter will never show more Chan 10 db 
discrimination between these two points. Also, if oscillators having a 
high harmonic concent are used for testing light valves, it is possible to 
clash the valve well below the over'load point at its resonant fr?' 
quency even though it is presumably being tested at a lower frequency. 

6 . INTERMODXJLATION 

Since various parts of the recording circuit are not strictly linear, 
tests are necessary from time to time to determine the degree of non¬ 
linearity. These can be conveniently made by applying two frequencies, 
such as ] ,000 and 1,100 cycles simultaneously. The sum and difference 
frequencies will then appear due to intermodulaclon. and a measure of 
this effect can be obtained by filtering out the impressed frequencies 
and measuriag either the sum or difference frequency. 

7. ATTENUATOR DESIGN TABLES 

Accenuator design is not a particularly difficult subject, but involves 
extensive computation. In order to avoid this computation, a fairly 
complete table of resistive values for all of the accenuator values in use 
is presented. 

A few words about the choice of an attenuator for a given purpose: 

When working into a high impedance device such as the grid of a 
tube, it is usually permissible to use a potentiometer, which u the 
simplesr form of an attenuator. Here s Zi (see diagrams and 

notations below) and since this sum is constant, only one switch arm 
and sec of contacts will be needed to make a variable atrenuator. 

When working between two equal jmpedarftes in a circuit, such that 
it ia not necessary that the impedance looking back into the outpnc 
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(enniaa!s of tbe attenuator be eqnal to the load impedance (probably 
the most common caee). an L type attenuator may be used. Here the 
equation given above no longer holds, and if the attenuator is to be vari' 
able, a double set of contacts and two switch arms will be necessary. 
I^ally, when the attenuator impedance must match the load impedance, 
as in mixers and certain types of ampli£ecs with critical input imped¬ 
ances. a T type attenuator must be used. T type attenuators may be 
either symmetrical or unsymmetrical. depending upon whether the 
generator and load impedances are the same. (Table 1 includes only 
symmetrical T type attenuators. Unsymmetrical types ate discussed 
later.) 

All of the attenuators in Table I are computed foe 500 ohm 
circuits: attenuators for other impedances can be computed very easily 
from the values given by multiplying all of the resistances by the ratio 
of the value of the impedance under consideration to 500 ohms. 

For example, suppose that a symmetrical attenuator is desired which 
will give a 10 db loss in a 200 ohm circuit. Two hundred divided by 
five hundred equals four-tenths. Prom the table it is found that a 10 db 
500 ohm T attenuator has two series resistances of 260 ohms each and 
a shunt resistance of 255 ohms. Multiplying each of these values by 
0.4. gives a new value of 104 ohms for the series arm and 141 ohms for 
the shunt arm. 

No values have been given for H type attenuators since (hey are 
easily derived from the corresponding T attenuator. The procedure is 
to halve each secies resistor and to place the other half in the opposite leg. 

The formulae from which all of the resistances given may be com¬ 
puted are fairly simple, but this is not the case for attenuators to work 
between unequal impedances. Since we now have two variables instead 
of one (i.e.. both attenuation and impedances ratio), any reasonably 
complete table would be bulky. 

There is a minimum possible loss for which this type of attenuator 
can be constructed which depends upon impedance ratio. This loss 
varies from zero for a ratio of one. to infinity for a ratio of zero. See 
Chapter XXXUI foe minimum loss attenuators of rhie type. 

In conclusion, although all values have bees given to three figures 
in the tables which follow, it is not necessary to hold to the actual values 
of the cesistors given except in special cases where high accuracy is desired. 
A discrepancy of five per cent in any one resistance will cause an im¬ 
pedance mismatch of not more than that amount and a loss variation 
of only half a db. 
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TABLE I 

SOO Obm Attenuators 


POTENTIOMETER L TYPE 



Atteouatori 

SYMMETRICAL UNSYMMTTRICAL 



Lot*, db. Ri 

R. 

Si 

R. 

R> 

1 

54.5 

445 

4090 

28,7 

4340 

2 

103 

397 

1925 

57.3 

2160 

3 

146 

354 

1162 

85.6 

1420 

4 

185 

315 

855 

113 

1100 

5 

219 

281 

643 

140 

823 

6 

250 

250 

502 

166 

670 

7 

277 

223 

405 

191 

559 

S 

301 

199 

331 

. 215 

473 

9 

323 

177 

274 

238 

406 

10 

342 

158 

231 

260 

352 

11 

359 

141 

197 

280 

301 

12 

375 

125 

168 

299 

268 

13 

388 

112 

144 

317 

236 

H 

400 

100 

125 

334 

208 

15 

411 

88.9 

108 

350 

184 

16 

421 

79.3 

94.1 

364 

155 

17 

430 

70.7 

82.2 

376 

134 

18 

437 

63.0 

72.1 

388 

123 

19 

444 

56.1 

63.2 

399 

112 

20 

450 

50.0 

55.6 

409 

101 

21 

4S5 

44.5 

48.9 

418 

89.8 

22 

460 

39.7 

43.2 

426 

80.0 

23 

465 

35.4 

38.1 

435 

71.2 

24 

469 

31.5 

33.6 

441 

63.2 

25 

472 

28.1 

29.8 

447 

56.3 

26 

475 

25.0 

26.3 

452 

50,1 

27 . 

478 

22.3 

23.4 

457 

44.7 

28 

480 

19.9 

20,7 

461 

39.9 

29 

482 

17.7 

18.4 

466 

35.5 

30 

484 

15.8 

16.3 

469 

31.7 

35 

491 

6.89 

9.05 

483 

17.8 

40 

495 

5,00 

5.05 

490 

20.0 

45 

497 

2.81 

2.83 

495 

5.62 

50 

498 

1J8 

1,59 

497 

3.16 

55 

499 

0.889 

0.890 

498 

1.70 

60 

500 

0.500 

0.500 

499 

1.00 
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TABLE I (Condosed) 
Dnign FortnalM 
ATTENUATOR FORMULAE 


POTBNTrOHETER 


L Attenuator 


je, = Zi (1-K) 


R\ same u for poteatiometec 

^ = 2'(T1XT 

B -7 (1-X) 

+/C) 


Symmetrical T Attenuator 

iu^ZxPx-?x>/7:rr^ 


Unsyhhetrical T Attenuator 

R,=z,p,-p.^/z^2^ 

A* = Pa V^i Za 

Tbc coflsoott K. Pi aad A ift (bm lormuU a« tabulated bdow. U aboald be 
aoted chat A it cbe voltage (or currtat) ratio comepofidiag to the given tctCAoatioa, 
tad cao be takes froo a&7 db*ToIcagc ratio cable or log table. 


ic$$t db 

K 

Pi 

P. 

1 

0.891 

8.68 

8.68 

2 

0.794 

4.42 

4.30 

3 

0.708 

3.02 

2.86 

4 

0.031 

2.32 

2.10 

5 

0.562 

1.94 

1.64 

6 

0.501 

1.67 

1.34 

7 

0.447 

1.45 

1.04 

8 

0.398 

1.38 

0.940 

9 

0.355 

1.28 

0.800 

10 

0.316 

1.22 

0.704 

11 

0.282 

1.17 

0.615 

12 

0.251 

1.12 

0.940 

n 

0.224 

1.10 

0.475 

14 

0.200 

1.08 

0.420 

15 

0;]78 

1.06 

0.368 

10 

0. 56 

1.04 

0.326 

17 

0.141 

1.03 

0.289 

18 

0.126 

1.03 

0.256 

19 

0.112 

1.02 

0.227 

20 

0.100 

1.02 

0.202 

25 

0.0562 

1.00 

0.112 

30 

0.0316 

1.00 

0.064 

35 

0.0171 

1.00 

0.036 
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Chapter XIII 
PHASE DISTORTION 

Bv JOHN K. KTU-IARD 

Tbe compoace waves of speech, music and sound effects are signals 
which have a wave composition'quite diferenC from those of single- 
frequency* electrical waves. These complex compositions, which are 
evei changing In form at a very rapid race (completely cransieoc in 
character), are those parts of the wave train which have a bearing on 
the naturalness of reprodocdon. On Che ocher band, che waves show 
an indication of a definite steady state value after che transient parr 
has subsided, and finally, again, we have a highly transient part of che 
wave beginning ac the rime the steady state is discorbed. 

It is therefore necessary to retain all of che distinguishing qualicics 
of a wave form to give natural reproduction of a sound. This can only 
be accomplished in an eUctro-aconatic system by making the freqoeocy 
scale as wide as is commercially possible. This cransient sute trans¬ 
mission tequires that a system accept steady state bands over an ex¬ 
tremely wide frequency range. 

In che reproduction of recorded material, certain distortion enters 
into the ctansmiasion to give imperfecc results, which are due principally 
to three causes; 

(1) The volume of the sound may be changed so as Co be coo loud 
or not loud enough. 

(2) Amplitude distortion has taken place doe Co the fact chat not 
all of the esaecitial frequencies ace tranemicced with the same amplitude. 

(3) Phase distortion ia pre se nt to some extent in all recording sys¬ 
tems. It is caused by the fact that the different frequencies composing the 
wave form travel with different velocities, soch that their relative arrival 
times differ from their relative srarting times. For nndistortcd transmis¬ 
sion. the time of propagation of the various component frequencies must 
be the same. 

To illustrate phase distortion: Figure I2fi indicates the attenuation 
and delay characteristics of four band-pass filters in series. Note that 
che pass band is approximately 350 to fiOO cycles. Now. in Fig vie 127. 
we see the oscillograms for several impulses of frequencies in the pass 
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and atCenuacioR banda. Note that in «ach ca» there is a dehoite lag 
between the impalses sent and received, that the received signal in the 
pass band (at 480 cycles) is relatively cndistorted. and that distortion 



Figure 126 —’Baod-pau filter cinu —Atunuiion and delay eharwurtitica. 


introduced near the edges of the pass band and in the attenuation regions 
is indicated by an increasing delay time in Figure 126. It will be 
observed that after the signal attains its steady state condition it ta not 
distorted, and phase distortion is not present until this steady state is 
discorbed. 

In general, we may say that the effect of phase distortion on speech 
is to decrease the intelligibUity or to cause a loss of articulation. The 
effect on music is less noticeable due to the more sustained character of 
musical sound waves. 

For transmission of transient waves without distortion, it has been 
shown that the time of pxopagarion of component frequencies must be 
the aamer this equality is obtained when the phase shift is linear with 
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frsqueacy and «qual to n «) when the frequency b zero, and n Is 
equal to 0* l-2'3, etc. That b. when the phase shite is plotted as a fuac- 
tioa of frequency, the resulting graph should be a straight liae. When a 
signal is applied to such a system, nothing will be received until a definite 
time period, after which period all waves will instantaneously assume 
their steady state values. The received signal will then be similar to the 
transmitted signal except for the constant phase shift introduced. Thb 
constant phase shift will not be detected by the ear. As phase changes 
in the component frequencies of steady stare waves are not noticeable, 
we may assume that phase dbtortioa occurs only in the transition 
periods. 

Thus, a system may be linear in frequency response, as indicated by 
gain-frequency measurements (steady state), and yet introduce a db- 
tortion similar to non-linear systems nnder operating conditions. 



Figure 126 Scbeaiatic diagnm and ftequenry eharuKriarU ot 
a wide-range type reroediag ampliur. 


Delay to high-frequency signals b more noticeable than to low 
frequencies due to the ear's dependence on the high frequencies for defini> 
tion. etc. It has been determined that the nuximum delay in the band 
from 5.000 to 8.000 c.p.s. should not exceed the 1.000 cycle delay tune 
by more than 5 to 10 milliseconds. Also that at 50 c.p.s. rbe delay may 
be as much as. 7 5 milliseconds more than the 1000 cycle value without 
noticeably affecting quality. 

Both series capacity and shunt inductance delay low frequencies-^ 
the delay increasing as the values of such u nits are decreased. Conversely. 
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both series inductance and shunt capacity delay high frequencies—the 
delay increasing with inductance and capacity. 



» «ee »ooo aces aooe am eeee scce accQ aeoe »eeee 
Upper Kftlr for Cerv< A. lewer ude lor Cutvt B. 

FIsQcr 129 —^Pbut >bifc cervt o/ Figure 128. 0 te 10.000 c.p.t. 

Howerer. we may say chat in present high fidelity amplifiers, with 
theic nniform frequency response, there is negligible delay distortion 



rBCQkVNC^cn. 


Figore J30>-^Pfaa» shift carvt of Fisorr 120 . 0 to 400 c.p4. 
in the relatively narrow frequency band employed. As an illustration we 
note in Figure 128 a wide range type recording amplifier with its fee- 
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qiKncy characUtmic Ob^rve the high values of shunt inductance and 
^ large series condensers in this dreuit. Now m Figure 129 the phase 
shift-frequency cbaraccecistic for this amplifier is seen to be relatively 
linear over the major portion of the frequency band. The slight irregu¬ 
larities or waves in the high-frequency portion are introduced by the 
measuring circuit, which will be described later. Observe that the devia' 



Bavelope dday in ttcondi * 4 0 ld » 

where fi ** pbu* ahifc ia ndia&i 


Delay duloreioa at any /reqwncy s envelope dday at that freqoeney miaoe 
eavdope delay it freqoeDdci vbm pbaae jhiU*mqeeaty relation U linear. 

FlgQte J3l'—Delay dinoxioo esm of Figure'12d from Pignre 130. 

tion from linearity is confined to the lower frequencies, which low-fee- 
qnency section is shown in an enlarged scale in the lower <ni7t. A 
further enlargement in Figure 130, which will be used later in the calcu¬ 
lation of dbtortion delay, indicates that foe all practical putposes we 
may coQsidee the phase shift to be linear with frequency at all frequencies 
shove 300 c.p.s. la Figure 131 we see the actual delay distortion in 
this range, hdow 300 c.i>.s. Note that the delay distortion at 50 c.p.s. 
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IS 1.4 milliseconds, and as w« have previously stated that a delay 
distortion of 75 milliseconds at 50 c.p.s. is not noticeable, we see that 
the yalne of 1.4 milliseconds is negligible. This figace will be discussed 
in detail as we proceed to the actual measurement of delay distortion. 
Another phase shift curve is shown in Figure 152. which is the chat' 
acterislic of a standard bridging amplifier. Note that the phase shift at 
20 cycles with respect to 500 cycles is 55 degrees in contrast to 58 degrees 
for the wjde>range type amplifier of Figure 128. 



A'T* CQUC NC* • CM 

Upper sale for Carve B. lower scale for Carve A. 
Pienre 132 — Pbue shift carve of htidtlor amplifier. 


^ Proceeding to the theory of phase distortion we have the following 
proposition: "For an applied signal the irjfMhpt of the otcillatiom in 
response to an e.m.f. — E cos applied at time r 0. reaches 50^ 


of iu ultimate stead y sta te val ae at time, t ^ ^. and its rate of building 


up b inversely proportional to quanriry ^ defined 


as 


the envelope delay of a system in the range where the attenuation is 
not a function of frequency; that is, for a distortionless system with 
respect to frequency charactedstic tbb quantity b the actual delay of 
the signal. Envelope delay b determined from the difference in the 
steady state phase shift for a definite interval of frequency, i.e., the 
received wave is delayed by a time interval given by the slope of the 
phase cbaractefbtlc. 


Envelope delay a l 


dft 

7T 


(40) 
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where t = delay in aecoods 
fi s phase shift id radians 


msilitf 


Thus, referring again to Fignre 130. we select a small change in fre* 
quency. f. and the corresponding change in phase shift is converted to 
radiansi aod these twovalcesare substituted in the formula. Solving the 
formula we obtaia the time delay t for an intermediate frequency which 


we may assome to be 


m 


. Proceeding in this manner we obtain 


the upper curve in Figure 13 L,which is the envelope delay. Now we note 
that above 300 c.p.s. the delay is constant and as it is not the actual 
value of delay, but the relative value from one frequency to another that 
is important, we subtract this constant delay from curve A. resulting 
in curve B. called the distortion delay curve. It should be noted that 
these results are in agreement with the statement that in order to have no 
phase distoctlon the phase shift must be linear with frequency (slope 
of phase shift curve constant) in order foe the component frequencies of 
the signal to reach their approximate steady state condition in the same 
interval of time. 


The major portion of phase shift in recording systems is due to the 
presence of filters. E>elay distortion varies with the typb of filter, number 
of sections and sharpness of cut-off: a sharp cut-off increasing the dis¬ 
tortion in the pass band without greatly increasing the minimum delay. 

We may briedy summarize the effects of dlfferecit filter types as 
follows: 


(1) In low-pass constant K filters, the phase shift increases with 
frequency from zero degrees at zero frequency to « radians at the cat' 
off frequency. The phase shift then remains constant above the cut-off 
frequency. 

(2) In high-pass constant X filters the phase shift a constant at 

g) radians for all frequencies below the cut-off and gradually passes 

from ("- ») radians to zero at infinite frequency. 

In constant X type filters the phase shift is constant only in the 
attenuation bands and is changing with frequency over the entire 
transmission band. Pot fall sections the phase shift in the artenuarion 
band is always (± n r) radians where n equals as integer. For half- 
sections the phase^bifc is one-balf that of the full sections. 

(3) In m-derived filters the phase shift slope in the pass band b 
osnally less than for constant X types and tbe curvature is more pro¬ 
nounced near tbe edge of the actenuadon band. The phase shift is not 
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/* ,) radians pec section as for the constant K filler, but has 
this v»l« only beiw«n the cut-off frequency and the frequency of 
inBnite attenuation. The phase shift is zero for all other frequencies 
in the aitennation band. 

(4) Phase shift characteristics of band-pass filters Tary widely 
with the type of filter, but in general the amount of phase distortion is 
inversely propoctional to the hand width and is independent of the 
position cf this band in the fccqucDcy scale. Conditions at the low- 
STquency end are similar to high-pass filters and at the high-freq^ncy 
end simiUt to low-pass filters- If the straight portion of the band-pass 
filtec phase shift curve is extended, it may intersect the phase shift 
axis at any ^int. where in low-pass filters the intersection « always 
at (n») radians. 


nm, 




ntawNcr-cM 


Fisort 133 — Mixer + pfe-»»pUfi« + vide-rioae rypt amplifier + bridjlag 
amplifier + lew-paa filter — pbaaa ahilr sorvei- 


Figure 133, Curve A, shows the phase shift characteristic of a series 
of amplifiets. the average value over the major portion of the frequency 
range being linear as indicated by the dotted line. In Curve B we see the 
curvature introduced by the addition of an m-derived low-pass filter 
of 7,500 cydes cut-off frequency. Note the deviation from Hneatity. 
also the increased slope indiating greater initial delay. In Figure 134 
we see the frequency characteristic of this system, showing the sharp 
cut-off and rapid increase in attenuation toward the frequency of infinite 
attenuation. 
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Figure 134—Frequencr chatacUriiCM Figufe 133. 

Distoxtion delay data may be obtaioed from phase shift measert- 
meQCs» impedance measurements or direct measurements of envelope de- 



r*CH r»cM>cf: 

a«M «Ma m (Ma MAWa c 

^ PMoUCb ClW't* «« MAtWK ««* «ITK ■UiU *«!■• aM 
« torm-a •> >ca»«»c<c>T»4f 9 ««ia*^ MK Kti'T «iM r*. la. 


FigQK Hi — SdMUitu diagtjm of pbw rbife fiieworcmtsc circaiu 


lay. The phase shift method to be described is applicable to standard test 
equipment, will indicate small amounts of phase distortions, and is sufE^ 
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ciently accarau for all praccical purposes. This particular method of 
measuring phase shift is indicated schematically in Figure 1^5. and 
fundamentally consists of two parallel circuits, one with zero pha^ shift 
and the other w ith a var y j ng an d ankn own phase shift. I f, at any g iven 
frequency, we adjust the attenuators Pi and Pg so chat the output cur¬ 
rents at Tg and consequently at the output of the common amplifier, 
are equal when the two circuits are used individually, we then have a 
simple condition of the vector sum and difference of the two equal 
currents when the circuits are paralleled and the switch B operated to 
series aiding or opposing The diference between the vector sum and 
difference currents is indicated in db by the amount of attenuation 
necessary in the common circuit for equal output currents in ibis circuit 
in the "aid ' and “oppose’' position of ibeswitch- 

Summarized, the operations for measurement of phase shift, with 
reference to Figure 135, follow: 

(1) Measure gain-frequency characteristic of branch B with 
branch A terminated. 



(A) B lacre^ttd actenosclM of aeio 8 brjocb 1.5 db. 

(d) = Difference la curves ued with Ftzore 15 ? to decermloe phase shift. 

(C) r: Cein tneenimneat the rane fee senes sidui; or opposing sod phsse shift eqojJs 

90*. 270^. 490*. ere., vb«a vector som equals vecrot dlfferesce. 

(D) B Infiniu attenuation in aenes upposifls measaretDerit when entreats are ISO* 

oat-of-phaie aod phase shift equals 0 . J80*, 960*. etc. 

Figure 136 — Meainted corves of Figure 128 by circuit of Figure 135. 

(2) Terminate circuit A and adjust attenuator Pi so that the gain 
of circuit A over the flat portion of the curve is the same as ibe gain of 










PHASE DISTORTION 


199 


circuit B over a similar range, then proceed with gain-frequency 
measurement of circuit A. 

(3) From these corves of A and B compute the variations in at¬ 
tenuation at Pi — Pz- necessary to maintain equality in output currents 
(gain-frequency curves) in circuits A and B. 

(4) parallel circuits A and B and with switch B in "'aid" position, 
measure gain-frequency characteristic of combination, adjusting at¬ 
tenuators as noted in (3). as requited to maintain same transmission 
characteristics in both branches. 

(3) Operate switch B to "oppose’* and.proceed with gain-fre¬ 
quency measurements of parallel circuits as in (4) [see note (1) j. 

(6) Tlie resulting two gain-frequency curves will be similar to 
Figure 136. which is a measurement, made as outlined above, of the 
wide-range type recording amplifer of Figure 128. From these curves 
determine the difference in db between the aid and oppose condition at 
sufficient points to plot the phase shift in a degrees-frequency in c.p.s. 
curve using the chart in Figure 137 to convert db to degrees. 



FisB'r n7~ Convcrtien cbsn-db/drfrees fee pbm shift 
mrsnrtmnits. 

Note 1: 

An initial adjustment of the variable attenuators, with the circuits 
in the series opposing connection, and at the 0° — 180** etc., point, in 
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fractional db amount;, will facilitate attainment of sharp minimum 
value;. 

Again, in Figure 129 we show the resulting phase shift-frequency 
curve reaulcing from (6) in the preceding summary. 

In Figure L38 note the frequency response of dicuits A and B of 
Figure 135 when each circuit has "zero" phase shift. Note that the 
minlmtim diference in db is 44.5; referring to Figure 137> we see that 
this value corresponds to a phase shift of less tbau one degree/ indicating 
chat for practical measurements this particular circuit is saciafaciory, 



Fijme 138 — Ft«qQ(ac7 KSpouc oi Fison 135 with sero ^1 m» ^ifc in cMb 
bnach of parallel dieoite. 


While phase distortion is important in recording systems, it is not 
usually compensated for. If the frequency band is extended, as in tele¬ 
vision systemS/ or if a Urge number of amplifiers or filters are used in a 
eircsic such as in a telephone system, such distortion becomes serious 
and must be deliberately corrected. 

Correction of phase distortion is usually made by ioserrion of "s(l* 
pass" networks, having the property of phase shift without frequency 
attenuaiioo. All-pass networks are described In detail in standard text¬ 
books on traosfflissioc networks. 

Acknowledgment is made to tbe Bell System Technical Journal for 
informa don and illostrations included in ^is chapter. 

The above measurements were made by O. M. Sprague of Metro- 
Goldwyu-Mayer Studio Sound Department. 













Chapter XIV 

TRANSFORMERS FOR SOUND CIRCUITS 

By JOHN K. HILLIARD 

In power wcrk« we ate interested in changing or transforming 
voltages in a narrow low-freqcency band* from one vatne to another in 
order to effect economies la transmission* while in sound recording we 
are interested in transforming Impedances from one value to another to 
obtain optimum efficiencies of transmission over a wide band of fre¬ 
quencies. 

An impedance cransfoxcDing device is known as an audio-frequcncy 
transformer, and In its ideal form modffies the magnitude of the load 
impedance to match it to the generator impedance. An audio'frequency 
transformer is similar to a power transformer except that it must operate 
over a wide band of frequencies Instead of at a single frequency. 

The idaal transformer neither stores nor dissipates energy* but in 
order to be ideal* a rransformec would have to meet the following three 
requirements: 

(1) Have infflice primary and secondary inductance* but a finite 
ratio of primary to secondary inductance. 

(2) Have perfect coupling between primary and secondary. 

(3) Have no cesistance in primacy and secondary windings. 

In practice* these conditions are impossible to obtain* yet foe the 
frequencies we use an approximation can be reached to the end chat a 
transformer will transmit uniformly the band we require without 
appreciable loss: 

The first condition is satisfied by using cores of extremely high 
permeability and a great number of turns on the coil: 

The second condition is approximated by arranging the coils me- 
cbanically so chat the leakage finx between turns Is very small: 

While the third condition is satisfied by the fact that for audlo' 
frequencies the resistances of the windings ace small compared to their 
Impedance in the frequency ranges under consideration. 

In an ideal transformer the ratio of primary to secondary voltage is 
equal to the ratio qf the turns and hence the ratio of the c^wents is the 
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reciprocal of tbe voltage ratio* rince there is no energy dissipated. To 
reflect che constants of the secondary side of the transformer Co the 
primary* it is necessary to multiply the impedances of the primary by 

che ratio of secondary iodoctance to primary inductance or 

For all practical purposes* with good iron core transformers the 
ratio of 




It is now possible to sec np the formula for an equivalent ciicuit for 
an audio transformer* since in the practical transformer we have resist' 
a nee in the coils which is the equivalent of a series loss* distributed 
capacities which represent shunt reactances on both primary and second' 
ary* and losses in the magnetic circuit which look like resistance shunting 
the winding. 

The citcuit is as follows 



Cl s duiriboted espacUles of primar? 
O* s diitribiired npadrica pf secoiida ry 
B diafribmed capadey of tbc load 
K s coeficieat of eouplln; 

X .1 B sBdwneec of pxunary 


Lt s ioducuace of a«condsry 
ft » re«aitaer« of primary 
r> s rcsstafi<e o/ accosdary 
r^ scxcidfl 2 current Ion (cere lees) 
Aq b senerator rcsUUBce 


Ri.ss load reniiancc 


HgBce 119 — Equivaleal dccolt of audio irassfo^mef. 


Since audio transformers are used to ttammit a wide band of 
frequencies* we find that it is the extreme ends of the band which become 
che dominating factors. If we consider the transformer as acting be¬ 
tween frequencies fi and as limits* then the mean frequency fit — 
s/fifi- We find chat in the lover part of the band che leakage re- 
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Figoct 140. 


acunce (1 —X) Li (Figures 140 
and 141). becomes vcff small as 
compared to The impedance of the 
primary. Also, cbe distributed ca¬ 
pacities have a very high reactance 
as compared to the mductive re* 
actance. and so the coil approxi' 
maces the eqaivalent network of 
Figure 141. 



Pi fare MI— E^iuvaltot aetvro A of an 
aiidio-fRqo»cr tnasfonacr 
opcnciae ui eb« lower* 
frtqorB^ bind. 


And hence the ratio of 


1 =" 


^0 + -f* ^ + 


(Xo"hei) + 

y-L« 


(43) 


At frequencies above the mean, the primary reactance (Figure 143) is 
so high that its shunting action is very small compared to the reactance 
of the distribnted capacities/ 

. ' " 

t, \4 


bat at this point cbe leakage 
reactance muse be con* 
side^ as it starts to exert 
an appreciable effect. 

This now gives the 
equivalcot cireme of Figure 
142. 




Fignie 142 Eqninleat ortwark of so audio* 
fnqoacy muformer opentias In Um 
vpp«e*CccQa<iKy butd. 


Ordinarily an inpur transformer works into tjk grid of a vacuum 
abc. and the abunting effect of ibu high 14^ impedance can be 
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neglected at tbe higher fcequenciea. so that the equivalent circuit be< 



cornea a series resonant circuit, and 

vc:r=2^ (44) 

<vherc L, = 2 (1 -K) h 

ft — the resonant freqceocy 

From this equation w< can deCermiiie the Taloe of L and C. 



—frM "Jltdi* Sv htJtrkh S. T"m^ 

(u<Qit^ifiu a«*a Co^ r#<./, 

Fianre 144. 


If tbe ampli£catioa is to be tmiform at high freqnencies, ft must be 
past the limit of the band. In input transfonnecs it is desiiable to obtain 
tbe marimum possible turn ratio, which increases both L« and C. 
Hence, both quantities must be kept very low. In order to keep tbe 
amplitude at resonance low, resistance wire may be used to wind the 
secondary, or a very high resistance may be inserted in tbe circuit. 

Since leakage reactance varies with N*. and the mens ratio must be 
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bigb, there are two conikcing demands, one hr many turns and the 
other for few. 

The oatpnt transformer differs from the input and intet'Stage 
transformer in that it is a scepdown transformer, and cbc impedances 
between which it works are usnally considerably less, which makes 



Figott HS ~ Corres ibQviag lukasc raonaace foe 
different ndos of todBcraue, apsdt^. sad 
tifisnoce. 


possible the use of a proportionately large nambet of turns without 
introducing the inherent difficulties of high leakage reactances and 
distributed capacity. Consequently, if weight is of no particular tm* 
poriance, the core material may be of the lower permeability grade 
(Figure 148). 



Improvements in frequency response during the past few years 
have required marked changes in transformers, some of which have 
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b^n in the application of new magnetic core materials, such as perm* 
alloy and hypernik (iron-nickel alloys having from 40-90 9b nickel). 



As a resole, extremely high permeabilities are obtained with Tcry 
small weight and loss dbeortion over wider frequency bands (Figure 



SpiM /mMST. 

F>sare 148 CurVM sbovios the trensotiutoa lou o/ 

(A) soiall OQipoi erABsfcrmtr. aad (B) larger 
outpBt transformer. 

149). Reduced phase dbtortioo is obtained since the inductance of 
the windings is much gieatec than that required for the proper trans- 
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mission loss. Also, in most transformers, a certain amount of magnetic 
modulation takes place due to a magnetic non'Jinearicy, usually in* 
dicated by harmonics of the lower frequencies occurring in the high 
range. This energy at the low frequencies is very great, as compared 
to that at very high frequencies, and for this reason, the harmonics of the 
low frequencies may be of the same order as the high-frequency signal. 

The audio-frequency transformer difeis from the power trans* 
former in that the latter operates from a voltage source of good regula¬ 
tion. The audio transformer, however, operates from a voltage source 
of poor regulation, varying widely in amplitude and frequency range. 
As a result, the flux densities vary from negligible values at 10.000 
cycles Co approximately 5,000 lines per square centimeter ac 30 cycles. 
Under these conditions, it is necessary to provide sufficient impedance 
in order that a constant voltage amplitude ratio be maintained over the 
operating range. High •permeability steel permits small core size, which 



Ih* Ml Sttiim TKMttI 

PiguN I 50 —Showing relative effe<( of various core 
materials on the iranmlsslon chatacuruncs 
of portable iceordirtg apparatus. 

in turn gives lower distributed capacity and lower leakage inductance, 
both of which depend upon the geometry of the coil. 

Since this is not detected in ordinary measurements, hacmoaic 
analyses must be resorted to. 

Tbe most efficient use of Alters and equalizers mquires constant 
impedance inputs or terminations. Better impedance characteristics of 
transformers are obtained by increasing the mutual impedance, and de- 
cteasing the leakage and capacity reacunce variations. 

In measuring the performance of a transformer, care must be taken 
to make sure that the condirions under which it is to operate are re¬ 
produced in the tesong circuit, and precautions must be observed in the 
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tests in order that a znUIeadiog perforisance chaca^cerfstic will aot be 
obtained. 

The peimeabiiity of magnetic core materials tends to rise rapidly 
from its initial ratues with increasing cnrreac. For this reason, if tests 


FigaK — Transmission chancMnatie of light weight 
ioput tsaosformes haviAg a weight of ounces. 

wect made with low frequencies at considerably higher currents than 
are obtained under the operating condition, the measured low>frequency, 
characteristic would indicate a much beccei response than that which 
would be c^tained under service conditions. 

Con^derable demand has been created for portabie apparatus, both 
for recording and testing, and as a resuit. we cow have extremely light 
weight transformers of very small sixe. The gain-frequency cbatacter- 
igtic. as shown in Figure 151, indicates that it is possible to construct 
these small transfonneit for specific uses with efficiencies which are com¬ 
parable to, or better than, the larger type transformer. 


t*0 ffcWMl /cwfiif. 

Figure lit — ImpeeafiCC-fregiMscr cbamcctriitlc of a well designed uaosforner' 

Transformer Problems 

!. Given: 

Transformer step-up ratio of 1 to 5 
Zi ss 500<^ins 
/j= 0.01 amps. 

£i = 10 volts 

K s= constant of coupling — 1 
Find: 

Z%. It. and £; 


Pigutt 153—Grtoie diagraa 
foe taflaforaer ps^bleaa. 
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Circuit diagram (Figure 153): 


?i_W 500 _ 1 
Zs“W’ 'Zs ”25* 


22 = 500 X 25 p 12.500ohms 


L~El Ml-1 

/a “1 ' 



s 0.002 amps 


-^ = 4-: f. = 5XlO = 50Tolu 
£a Ni £a 5 

2 . If the input impedance to a ttansformer is 200 obms. and the 
load impedance is 20.000 ohms, what is the turns ratio of the 
transformer? 


2. 200 _L 

“ 2a “ 20,000” 100 



3. 


If the plate resistance of a vacuum tube is 10,000 ohms, wbat must 
be the impedance and inductance of the priinac 7 of a transformet, 
coupled diKctly to the rube, in order that the tube output wiU be 
attenuated 3 db at 30 cycles? 


201og|2=3db* (45) 

fit 

log |s= 0.15 

|2 = 1.413 
tl, 


6 -T^ 

^ Cl 


FiScre IM—Cltct^r dagno foe 
proMea 3< 


» |i= 0.707 

to 


Where Z* = voltage across the load 

E 9 = theoretical output voltage of the tube (considering the 
place to filament resistance as erternal to the tube) 

• [PQnnda (45) caA fee foaad dirwdy fro» ebe Table, Cbapai XXKII.] 
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and 





Xt^Rp 


^ Und Xl - Rf 


Xi= 10.000 = 2«*a = 2»x 30 X i. 


. 10,000 10,000 

2»x 30” 188.4 

L = 5> henries 


Chapter XV 

GENERAL NETWORK THEORY 

By HARRY KIMBALL 

1. NATURE OF NETWORKS 

In the several fields of electilcal engineering the term ''transmission 
network” is used rather loosely to refer to a variety, of types of electrical 
circuits. For instance, to the power engineer, a transmission network 
may mean an interconnected arrangement of transmission lines em* 
ployed foe the purpose of transmitting electrical power from point to 
point. Another use of the term, as derived from the communication 
field, is in reference to circuits which can be obtained from the connect¬ 
ing together of resistances, condensers, and inductance coils including 
transformers, to form equipments for use primarily as links of systems, 
whose function is to transmit electrically, acoustic or ocher signals 
conveying intelligence, These networks necessarily have four termi¬ 
nals, two for connecting to a transmission system to receive power, 
and two for connecting to a load to deliver power For this reason, 
they are sometimes known as*”four-terminal networks.” The resist* 
aaces. condensers, and inductance coils contained within such a net¬ 
work are known as the "network elements” and their electrical values 
are termed the "network constants.” 

It will be seen later that the internal structure of a network 
naturally divides itself into groups of electrical elements which form 
the branches or arms of the network In the limiting case, these groups, 
may. and often do. consist of only one element. It is osually simpler 
in working out the mathematical relations of a network to deal with 
these natural groups as units rather than the individual elements. 
Such groups, whether consisting of one or more elements, itquire two 
accessible urminals for connecting them into the network structure. 
For this reason they are often known as ”two-termioal networks.” 
chat is, two'ierminal networks are the groups of elements from which 
four-terminal networks are made, A knowledge ot the impedance 
cbaracteristies of two-terminal networks is an important prereqnisite 
in studying four-terminal networks. Ctrcaio fundamental informatton 
con^mng these networks is therefore presented in the following work 
ptiot to the discussion of four-tcrminil networks. 

211 



212 


MOTION PICTURE SOUND ENGINEERING 


For ths networks which may T>e conscrccted in the above manner, 
there exist several well defined types designated in accordance with 
the dnties they perform when insetted into a transmission facility. 
These networiu are attenuators. aKenuatioo equalizers, electric wave 
filters, and phase correctors or delay networks defined in the follotring 
material. 

Attenuators—A n attenuator is a network whose insertion loss 
remains constant with change of frequency, Departure from constant 
attenuation occurs only when the design limitations of the component 
electrical elements are exceeded. The design and use of attenuators is 
discussed in Chapter XXXIII. 

Attenuation Equalizers—Ao attenuation equalizer is a net* 
work whose insertion loss varies in some desirable manner with change 
of frequency. Soch networks usually are inserted into transmission 
systems to compensate for defects in the transmissioQ'frequency charac* 
teristics of the systems. These networks are discussed in detail in the 
following chapter. 

Electric Wave Filters—A n electric wave filter is a network 
which transmits without appreciable attenuation all frequencies within 
one or more frequency hands and attenuates all other frequencies. In 
practice, very few wave filters have more than one transmission band. 
Wave filters are discussed in a following chapter. 


.?A 
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Laddcf'type 

Phase Correctors—A phase corrector is a network having the 
property of changing in a preassigned manner the relative phase rela^ 
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tioQ of xht frequencUs of a givcD transmission band. £xc<pt for the 
aaavoidable dissipation of the electrical elementSr these networks do 
not attenuate the frequencies of tbeic transmission range. Phase cor¬ 
rectors are used with transmission systems to correct for system phase 
distocKon siAilat to the manner in which attenuation equalizers cor* 
rect for attenuation distortion. These networks are not within the 
scope of this material. (See Chapter ^IL) 

It has been found that the engineering of networks is considerably 
facilitated by the use of distinctive unit structures operated In tandem 
to form configurations which, in many respects, resemble a carpenter's 
ladder. Many of the symbols and conceptions used in network theory 
thus have their origin in these "ladder-type" networks. For instance, 
referting to Figure 156'Ar the circuit shown is a ladder-type structure 
having series impedances denoted by the symbol and shunt im¬ 
pedances denoted by Zf. If we arrange this circuit as shown in Figure 
156'B. and remove a portion of the network by cutting through two 
adjacent series arms at their mid-points, as shown by "AA" and "BB." 
we obtain the familiar T type section of Figure 15d'C. The reason 
then for designating the series arms of this section by the symbol Z ^2 
and the shunt am by the symbol Z 3 is thus made cleat. Also, the origin 
of the term "mid-series terminals" when referring to either of the 
pairs of terminals of a T section is evident. In a similar way. if we 
remove another portion of the ladder-type network by cocring through 
two adjacent shunt aims at their mid-points in the manner shown by 
*'CC'' and' 'DD.‘' we ob uin the »type section of Figure 15 6 -E. Follow- 
ing the same method of designation, the series arm impedance of this 
section is denoted by the symbol Z^. the shunt arms by the symbol 
2 Zg. and the two pairs of terminals are called "mid-shunt" terminals. 
Another familiar ladder-type section which can be obtained by remov¬ 
ing a portion of the general ladder structure is the L type section of 
Figure 156-0. This section has a scries arm of Zj2 and a shu nt arm of 
2 Zg~ The 1*2 tennicals of theZ. section of Figure 156-Dare the mid- 
series terminals and the 3-4 terminals are the mid-shunt terminals. L 
type sections ate often refected to as half sections for the reason that two 
L sections connected together form one T or one w type section de¬ 
pending upon whether they are jMned at their mid-shunt or mid- 
series terminals. 

Transmission systems emplo^cg networks usually are arranged 
so that the impedances connected to the inpnt and output terminals of 
the networks are resistances. That is. the impedance looking back into. 
the system at the network input terminals is chiefiy resistive in char¬ 
acter as ts also the load impedance connected to the ontput terminals. 
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The symbol Ro is used to designate tbe s«ndiog-end system impedance 
connected to a network and Rt denotes the system load impedance. 
Where and Ri, are equal they are designated in the following work 
by the symbol R^. For proper performance, wave filters require char Ro 
and Rl be eqcal resistances unless the filters have impedance transform> 
ing designs. In the case of attenuation equalizers, Ro and need not 
be equal resistances for proper performance although they are usually 
arranged to be equal. 

For each of the types of four*terminal networks mentioned above 
there exists an orderly procedure of design made available as the result 
of a vast amount of theoretical work coupled with practical experience. 
These design procedures are, of course, interrelated, the methods em* 
ployed for one type of network having much in common with those 
used for other types. It is desirable in taking up the study of networks 
to consider first a certain amount of "ground material” useful for any 
type of network. The remainder of the material in this chapter is 
mostly of this nature. 

2. TWO-TERMINAL REACTIVE NETWORKS 

Certain two-terminal reactive networks, that is. circuits not con¬ 
taining resistance elements, are used so frequently in the design of 
equalizers and filters that It is helpful to arrange the formulae fot their 
reactances into forms especially suited to this type of work. Usually 
the reactance equations of such networks are expressed in terms of the 
electrical constants of the network elements. When the network con* 
sists of. say N elements. N electrical constants appear in the correspond¬ 
ing reactance equation. In equalizer and filter work it is convenient 
CO eliminate tbe electrical constants from the reactance equations and 
use. in (heir place, the important critical frequencies of the networks: 
that is. tbe frequencies of resonance and anti-resonance. For any reactive 
network, however, the sum of tbe number of resonant and anti-resonant 
points is one less than the number of network elements. For instance, 
for a four-element reactive network, tbe resonant and anti-resonant 
points'Will number three. Hence, if these critical frequencies are used 
in the formulae to replace the electrical constants we are short one item 
for substitneion purposes. To obviate this difficulty another critical 
frequency designated a$ fg is used. Tbe definition of will be made 
clear as we progress. Proper selection of this frequency in connection 
with tbe equalizer work of the next chapter has made possible the 
simple resulting equations for tbe insertion losses of the networks. 
Following is shown the method for expressing tbe reactances of some 
simple two-terminal reactive networks in terms of these new parameters. 
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(a) R«accance of an Indoc(anca Coil 

The vector reactance of an inductance coil of L henries is usually 
expressed as follows: 

jX=sj2wfL (46) 

This simple reactance network has. of course, no finite r£$onant 
or anti-resonant frequencies and hence these parametets cannot be used 
for substitution purposes. As a means of eliminating L from this 
equation, define fa as the frequency where the reactance is, say Xs. Then 
we have 

Xa=2rfaL 

Solving for L gives: 

L = 5 ^ = ^ henries (47) 

Equation (46) can now be written 

/X = /X.-i (4«) 

We have thus expressed the reactance of the Inductance coil in terms 
of a frequency ratio f/fg and the reactance X«. To illustrate, suppose 
we wanted an induaance coil having a reactance of 500 ohms at 3000 
c.p.s. From equation (47) 

And the reactance of the coil ac any frequency, f, is 

(b) Reactance of a Condenser 

In a similar manner the reactance 6 f a condenser can be expressed in 
terms of a reactance Xg and a frequency ratio. The usual equation for 
cbe reactance of a condenser is 

(49) 

At a frequency fg let the numerical value of the reactance be Xs. 
Then 

y_1_ 

Solving for C gives 
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Using this value of C ^ith equation (49) gives 


As an example, suppose we wanted a condeosec having a reactance 
of 500 ohms at 3000 c.p.s. Then from (50) 

~ 1,000,000 • c j 

^ = 2,X3.0QOXSOO = “• * 
and from equation (51) 

..AA 3.000 


(c) Reactance of a Coil and Condenser in Series 

In this case let Figure 157*A represent a twO'tecminal network 
eonsistiug of an inductance L in series with a capacitance C. Figure 
257-£ shows symbolical!)' the reactance characteristic of such a ctrcntc 


Fisuf* 157'\ — ladncnoce ceil Fisofc I ~Ruenue 
iod coadnscr ia s«ries. ebsnererune. 

plotted against frequency, The symbol /j is used to denote the resonant 
frequency of the coil and condenser; that is 


Again, as in the previous cases, fs is defined as the frequency where 
the reactance of the circuit is numerically eqcal to Xa~ Since this 
happens at two points in the freqaency range, that is. once above the 
resonant frequency and again below f/t. fg is taken as the lower point 
as shown in Figure 157-B. The symbol ‘V' is used to denote the ratio of 
fa to fg. that is 

(greater than unity) 

The reactance equation for the circuit is 
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Bac from «quatron (52) 


and we bare 




by definition when f = /« then X = ^Xs («e Figure 157-B) which 


19 in 


Use of tbie value of wsL in connection with equation (55) gives ns the 
form which we desire as a means of expressing the above reactance: 

chat»/ _ 

jX = jX.^ -/- (55) 


The values of L and C can also be expressed in terms of the new 
parameters in the following man net. by means of equation (54) and the 
reladoo 


We have 






p_1_1 s»-l 

vjt^L ttMXg t 


And when this value of ^ is used with eqnation (52) we have for C 

c= J = 1 1 ( 57 ) 

vji^L itMXg t mgXg »* 

As an illascratiofi of the above, consider a series coil and condenser 
circuit having its resonant frequency'at 5,000 c.p.s. and a reactive 
impedance of 500 ohms at 4,000 c.p.s. That is, 

= 5,000 c.p.s. s= 1.25 
fg s 4,000 c.p.s. X 5 = 500 ohms. 

This gives 

^ 1 , 000.000 fl.25)«-I . , 

^ = 2,X4.000xTob -0-0287,.f 

, 500 X 1-25 r / 
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(d) Reactance of a Coil and Condenser in Parallel 

Figure 158-A represents a CwO'teiminal network condsiir^g of a 
coil and condenser in parallel and Figure I58-B shows the form of the 
reactance characteristic The symbol designates the frequency of 


Figure —I&^uctaace coik Fie^jrc 1^8*6—Rcacc^ncc 

and condesser la panllrl. chancKriitic, 

anti-resonance and the symbol fg is used to indicate the point where a 
reactance of numerical value X 9 is obtained. The reactance of this net¬ 
work is usually written in the form 


which may be converted into the form 


Ac the resonant frequency. 


>^ 3 . Subscicucing this value of LC 


Now by defifliiiod when f =: f*;X s= X$. which gives 
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Use of this value id ^ODoeccioa with equation (58) gives the final 
form we deiire for expressing the reactance of the parallel ^oU and 
condenser. 

S-- 

JX = ^iX,-f -^ (60) 

U~T 

The values of L and C In terms of the new parameters may now be 
determined from (39) 



1_1_l_ 

s*- 1 


(61) 


And since at the resonant frequency, vrL = we have for L 


L=^ = 






.*.c 


®» a 






i = («j 

I’ 

EQUIVALENT TWO-TERMINAL NETWORKS 

The impedance of a two-terminal network is. of course, that ob¬ 
tained looking in at the terminals and cakes into account the effects of all 
of the network elements. It is possible for certain pairs of such networks 
to have identical impedances at theic terminals for any frequency and 
yet have different circuit arrangements and different element values. A 
paic of such networks, however, must each have the same number of 
elements with a definite relationship eiasiing between corresponding 
elements. Two networks of these types ace said to be equivalent- Not 
all cwo-terminal networks have equivalent networks. In general, how- 
ever, any two-tecmlnal network having two oc more elements of Che 
same kind has an equivalent network- By this is meant two or more 
resistance elemenu, two or more inductance elements, etc. Since equiva¬ 
lent networks display identical impedances at theic terminals, they 
may be used interchangeably as parts of four-termtual networks- In 
this connection they are often of great commercial value for it frequently 
happens chat one of the networks is easier and cheaper to construct 
than tbe other. 

Single- and two-element networks have no equivalent circuits 
except chose chat are exactly identical, and these are not regarded as 
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being equivalent arnogemeats. For networks containing three electrical 
elements, important eqoivdlent networks exist if the network has two 
elements of like kind. When the three elements of such a network are all 
different in kind, that is, a resistance, a capacitance and an indactance 
coil, no equivalent network exists. Two-teiminal networks containiog 
four or more elements also have equivalent networks but are not dls^ 
cussed in this book. However, the conditions for the equivalence of a 
pair of three-element networks are discussed in detail. 

To illustrate the above, consider circuits A and B of Figure \59. 
where and i ^2 are any two resistances and n is any number. The 



Figore 159 —Eqiuvale&t nssdTe netwoiLc. 


resistance obuined at the temmals of circuit A of Figure 159 is 


Rii = nRi + 


RiIU 

Rx+Rt 


Rt + Ri 


The resbtance of circuit B of Figure 159 b 

D _ (1 + n) ill Irt (1+ n)/I jH-( l4'«)*/?s] 


Rm- 


(l+n) (Aj +0 (1 +n) J^] 

^ — Q + (I + r>) R\ Ra 
ill + Rt 


The resistances,oHhe two networks are thus shown to be identical for 
any values of Ri. Rt. and n. Suppose, for instance, that Ki = 100 
ohms. il8= 200 ohms, and n = 3. This results in the two specihc 
resistive circuits, C and D, of Figure 159, each of which may be shown 
to present a resistance of 357 ohms at its terminals. 
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The above Ultiatracion uses resistaoces for the elemenu of the two 
equivaleot aecworka. The equivalence of a pair of similac nervocks 



Fiaore 1^0 ^Eqsiraleftr <br««'eleinert( (vo'Cermtnal networks. 


can also be shown where irapedances are used instead of resistances. 
Consider drcait A and circuitB of Fi^re 160. The impedances of these 
two networks are identlca! when their respective electrical elecuents are 
related in the manner shown hr the equations given on the figure. This 
can be demonstrated as follows: Consideriag circuit A. its impedance b 


Zj 2 as 4- 


ZaiZj 


Zui Zji + Z^i Z^9 + Zui 


+ Zis 


And for circuit B we have 


Z^ = 


Zai Z, 


'91 


** Ztl + Z«+Zj* 

Using the relation of elements shown in Figure 160 we may write 

r ZaiZat n + n)> + Zii Zxs (1 +n)» 

” ” z^, (1 + n) + (1 4- n) + 2 ^, (1 + n)* 


Z.«- 


(1 4* [Zai Za2 + tjZ^j Za^ + Zai Za»] 


2,4 = 


Zai + tiZ^j + Zis (1 + n) 

Zxi Zai 4 Zai Zxi 4 Z^s Zas 

Zai 4Zii 


Z|4 s Zi9 


(66) 
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HeDc«. foi the impedence relacioos shown, the two driruits A and B 
dre equivalent. It ia noted that for the practical cse of these eqaivaleot 
circaits the ratio n must be a real number. This is only realized when 
Z^x and Z^9. or Ztz and Z«i are the same kind of ctrcnit elements; chat 
is, both resistances, or both inductances, etc. The impedance equations 
of Figure 1^0 have been set op in the manner shown so that we can 
readily obuin circnic B when circuit A is known, or conversely. Figure 
160 shows a number of pairs of three-element equivalent networks 
obtained by assigning specific element types to the general impedances 
of Figure 160. 
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4. INVERSE TWO* TERMINAL NETWORKS 

The theory of inverse networks rehies to an important mutual 
relatiooship which may be made to exist between the impedances of a 
pail of two-terminal networks when the electrical constants and con* 
figuration of one network arc properly selected with respect to the 
other network. Consider a pair of twc>*terminal networks one of which 
presents an impedance Zi at its terminals, and the ocher having an 
impedance Zs- When Zi and Zv are so related that 

ZjZ-sJV (67) 

the networks are defined as.being the reciprocal or inverse of each other 
with respect to Ra. In general Ro may be a vector expression but in 
equaloer and filter work it is convenient to let Rg be the resistive im* 
pedance between which the networks operate; In other words. Ro is a 
real number and a known quantity in most network problems. It is 
noted that reciprocal or inverse networks always involve a pair of net¬ 
works mutually related to each other. Complete information muse be 
available concerning the electtical elements and circuit connections of 
one network before its inverse network can be found. Also, the inverse 
network has not been completely determined until its electdcal constants 
and the manner in which they are connected together are known. 

The inverse network corresponding to a given network whose 
constants and connections are known may be derived with the aid of 
the few pairs of simple inverse networks given in Figure 162. 


RELATION BETWEEN 
PAIRS OF INVERSE NETWORKS CIRCUIT CONSTANTS 

RULE 

’"'ft* ” 

~ * RiRj —Rq* 

(0 

0- -JUMft 

> . 11^ > L/C=rRp* 

(2) 


-O- 

(3) 


2o 



Fisore 1^2 pairs of inverse neiworks. 


The relationships shown between the electrical constants for the above 
pairs of inverse necwoxks have been delecmised on the basis that theic 
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correspoDdmg impedanca satisfy equation (67). It is left for the 
student to verify this to bis own satisfaction. It is noted that: 

(1) When one of a pair of i nverse networks is a ccsista nee the other 
network is another resistance. 

(2) When one of a pair of inverse networks is an inductance the 
ocher is a capacitance, and conversely. 

(3) When one of a pair of inverse networks consists of two ini' 
pedances in series, the ocher consists of the inverse of these 
impedances in parallel, and conversely. 

The following example illustrates the manner in vrhich the above 
pairs of inverse networks may be used as fundamental rules for deriv* 
ing the inverse circuits of more complex networks. L.et it be required to 
find the inverse network corresponding to circuit A of Figure 163. 



Figure 161. 


Referring to Figure 163 it U seen chat drcuit A may be regarded as a 
resistance Ri in series with an impedance Zi. Prom Rule (3) the in¬ 
verse of these two impedances in series is the parallel arrangement of B, 
where one of the impedances is (he inverse of Ri, that is. Rp^/Ri, and 
the other impedance is the inverse of Zi which is R^^/Zx- Now the in¬ 
verse impedance R^/2x may be simplified by regarding Zx of circuit A 
as consisting of the condenser C in parallel with the impedance Zf 
Again making use of rule (3) the inverse of the impedance Zx becomes 
an inducunce of value henries in series with the inverse of im¬ 
pedance Za which is Rb*/Zs« condition is shown in circuit C. 

Once mote a further simplification is obtained by using Rule (3) to 
find the inverse of Z» which gives a resistance R^fRa in parallel with z 
capacitance of L/Ro^ farads. We are now able to write down citcuit D 
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which is (he final form for che Inversa dicuit corcespoadiog to circuit A. 

It U aeea chat the process of deriving an inverse necwoxk consists in 
replacing parallel drcuiCs with secies circnirs and series circuits with 
parallel circuics and at the same time replacing all elements of the 
known necwock with their inverse elements in the inverse network. 
Experience in doing this makes it unnecessary to pass through the inter* 
mediau drcuics as was done in the above. Figure 164 shows a number of 
pairs of inverse networks which will be useful for reference purposes 
in the equalizer work which follows. 
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5. INSERTION LOSSES 

The in«ftioo loss of a network U a measure of its attenuation per¬ 
formance when operating uadet eervice conditions in a transmission 
facility. As alteady mentioned, networks usually operau between equal 
resistive impedances. For this condition the insertion loss is determined 
by the ratio of power delivered to the load before and after the network 
is inserted. Thus, if Pi. is the power delivered to a load Ri before insert¬ 
ing the network and P't is the power after insertion of the network the 
insertion loss is defined as, 

I.L. = 10log^‘ (68) 

In cases where the load resistance Rl is not equal to the sendiog-end 
impedance Ra- the power Pl is usually defined as that delivered to the 
load through an ideal transformer which matches the two system im¬ 
pedances Ro and Ri. In othec words. p£ is the maximum power which 
the source of supply can deliver to the load. Where Ro and Rz, are equal 
the ideal matching transformer is not required. Insertion losses are 
defined in this manner in order that they will be losses for the insertion 



Figure 165*A — Ideit tressformer Figure 

nu cebia g aad 

of any network. That is. if Pi were not defined as the maximum power 
which could be delivered to the load, it would be possible to insert a 
network which under certain conditions would give an insertion gain. 
For some purposes thU might not be objectionable but for the follow¬ 
ing wave filter and equalizer work it is desirable to exclude the possi¬ 
bility of an insertion loss becoming a gain. 

Figure 165-A shows a cross-section of a transmission system having 
a sending impedance Rg and a receiving or load impedance Ri. The 
ideal transformer shown matches Ro with R^ so as to deliver the maxi¬ 
mum power to Rr.. For this reference circuit we have the following 
relations where Pg is tbe power sent into the transformer: 
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Now $in<e the transformer la ideal it has zero dissipation loss and there' 
fore all power sene into it is transferred on to the load. This gives 

, ^fK E 

‘ ''«i~2VRn^ 

These are the reference power and reference current used in the computa* 
cioQ of insertion losses. For the usual case where Ro and are both 
equal resistances of some value, say the above equations reduce to the 
simple forms which would have been obtained bad the ideal transformer 
not been used. 

The power Ft and the current I'l refer to the condition where a 
network is inserted in the place of the ideal transformer, as illustrated 
in Figure 165*B. On a enrreot basis the insertion loss formula corres* 
ponding to equation (68) becomes 

I.L.» = 20log^ (69) 

f L 

* NOTS: it will be noticed rh4i there jrt two different notJtioru used la this bock to 
expms iasertion sslns ot iflMfrion losses. Obvlooslr. sn insertion lou U s negative 
insertion gain, as an lassrcien gain Is a negative inwttion loss. For this reason, when 
uing the decibel unit cba loas or gala is npressed ns a log fonctjon o/ eithec t'l/Ii ci 
If the cutreat (the losdcnrrent after tbediange bas been made in thedreolc), 

is of a smaUer nuaudcal value than than an Insertion loss has taken place. If the ratio 
had been need, a negadve answer would have raulted, wbHe if the ratio 
bad been used, a pesittve answer would ban resolted. These («o aniwen would have 
(be eame numeriat value bnc with oppoetce ilga. In other words, rlther method U 
applicable as long aa it is known whether the resolt is a gain or a loss. 

lo equaliser work where aa iasexnon loss is always prucni. the ratio fg/f'g I' 
used, as a pondve answer reiolts. 


Chapter XVI 


ATTENUATION EQUALIZERS 

Bv HARRY KIMRAU. 

1. NATXmE OF EQUALIZERS 

As alr«ad 7 mentioned, an attenuation equalizer is a four-terminal 
network whose attenuacion loss, over a given frequency range, varies 
with frequency in some desirable manner. This means that if a namber 
of frequencies of pven amplitudes are simultaneocisly impressed upon 
the input terminals of an equalizer, the relative amplitudes of these fre* 
qoencies will be changed when delivered to a load connected to the out' 
put terminals. The manner in which this change takes place is deter¬ 
mined and can be controlled by the design of the equalizer. In sound 
pcture work, the frequency range required extends from about 40 or 
50 up to 7.500 or 8.000 cycles per second. This is called the craasmis' 
sion band. Any change in the relative amplitudes of the important fre¬ 
quency components of a signal changes the character of the reproduced 
sound as beard by the ear. For instance, when the upper frequencies 
of the transmission band are discriminated against, the signal is said 
to be '’doU/' and where they are accentuated, the signal is said to be 
"bright.'* In practj«, the con£gurarions required for the insertion loss 
curves of equalizers appear to vary over a wide range. Actually, many 
equalizer problems are but duplications of others with different values 
assigned to the network constants. 

Equalizers may be provided with controls for varying at will the 
form of thde insertion loss characremdcs. or may be of fixed non- 
variable construction. Variable equalizers are used largely in re-record¬ 
ing work, wbereas fixed equalizers are used as pennauent parts of 
recording and reproducing equipments. The need for variable equal¬ 
izers arises from Che fact that in recording sound from artificial sur¬ 
roundings. it is. in some cases, not practicable to provide sets and pick-up 
conditions having the acoustical characteristics one would expect from 
the real scenes they represent when displayed as part of a continuous 
picture. The use of variable equalizers in the re-recording of a picture 
makes it possible to alter the amplitude relations of the frequency 
components of signals in a manner to create the illusion desired for the 
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picture, where, of course, this can be accomplished by such amplitude 
changes. 

Except for the equalization employed in re*recording. sound systems 
are usually arranged to preserve, insofar as possible, the amplitude 
relations of the frequency components of signals. When unavoidable 
amplitude disroition occurs in one part of a system, fixed attenuation 
equalizers provide the means foe making a permanent correction. In 
some cases attenuation distortion is deliberately inserted in one part of 
a system and compensated for tn another pact, for benefits obtained by 
removing the load from certain of the recording equipments as, for 
instance, for the the complementary method of recording discussed in 
Chapter III. 

2. G£NE!UUL EQUALIZER TYPES 

Prom the great amount of work which has been done on the design 
theory of attenuation equalizers a number of general circuit arrange¬ 
ments have emerged which have proven to be Che mosc satisfactoiy foe 
general use. The network engineer docs not necessarily restrict himself 
to the use of these few types but they do represent a large pare of his 
kit of tools. These equalizer circuits are designated in the following 
manoer; 

(1) Series Impedance Type, 

(2) Shunt Impedance Type. 

(3) Full Series Type. 

(4) Full Shunt Type. 

(5) TType. 

(6) Bridged T Type. 

(7) Lattice Type- 

In general, the cransmUsion characteristics of the circuit arrange* 
ments designated in tbc above manner are made to depend upon two 
impedances, denoted as Zi and 2$. where Zi is usually a series Impedance 
and Zi is a shunt impedance. Zi and Zt are defined as being the im* 
pedances of any pair of two* terminal networks which ate inverse to 
each ocher with respect to the line impedance that Is. 

ZiZi = R^^ 

In any given equalizer pcoblem, Zi and Zt must necessarily be 
assigned specific circuit arrangements. The general properties of the 
above typical equalizer sections, however, can be determined before 
considering specific arrangemeors for Zi and Zi. This is done in the 
work immediately flowing. 

For each equalizer type we are principally interested in two items: 
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First. Its insert ion loss, and second, the impedance match conditions at 
the inpBt and ontpat terminals, These are determined ^or the above 
networks operating between circuit impedances of Ro ohms at both 
the input and output terminals. 

<a) Series Impedance Type 

One of the simplest methods available for controlling, with respect 
to frequency, the power delivered to a load resistance from a resistive 
power source is to insert 
an impedance in series 
with one side of the con¬ 
necting circuit in the 
manner shown in Figure 
I66-A For this dicnit 
the symbol. 2Zi. is used 
to designate the inaerwd — Seriu Impedawe type eqmllier. 

impedance: that is, the 

equalizer consists of an impedance, 2 Zi. connected between the 2-3 
terminals and with the 2*4 terminals shorted together. Without the 
use of the equalizer the current which the power source can deliver to 
the load is 



Insertion of the equalizer changes this current to a value I'l, which U 

r ^ 

'^"2R, + 2Z, 

The insertion loss by means of equation (69) then becomes 

I.L, = 201og^= 20log^i^ (70) 

Since the purpose of an equalizer is to secure an insertion loss which 
varies with frequency in some desirable manner, the impedance Zi must 
be a function of frequency to secure this efect. In other words. Zi can¬ 
not be entirely resistive because, if it were, the insertion loss would be 
constant with frequency. 

The impedances looking into the network at the input and the 
output terminals are given by the expression 

Zii — Z$4 = Ro -f- 2 Zi (71) 

Qbviously. this network does not match impedances at either the input 
output terminals, and the mis*march obtained varies with frequency 
nnce Zj is a frequency function. 
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(b) Sbttnc Impedance Type 

Acocber four-terminal equalizer circuit quite similar to the previous 
case is obtained by the use of a shunt Impedance in the manner shown in 
Figure 166-B. For this 
OKulC the symbol Zi/2 
Is used to designate the 
shunt impedance. The 
load current received 
when the equalizer Is not 
in the circoli is again 

equal to (£/2 R^). and Ue-B —Shudt tn» 

the load current J i ob¬ 
tained when the equalizer Is inserted is 



. £ __ B Zt 

* ^ . AaZv 2 Aa + Z* 2Ra{Aa + Z-'I 

The Insertion loss for Che network then becomes 

IX. = 20 log-^ = 20 log (72) 

•I 

Since the impedance Zi used in conuecrion with the series Impedance 
type circuit has been defined as being the inverse of Zs. that is, Zi Zs = 
we may also write for equation (22) 


I.L. = 20Iog^5£^ 


(73) 


This means that the series impedance and shunt impedance type 
equalizers have the same insertion loss cbaracceristlcs when designed 
with inverse impedances as ebeir variable elements. 


The impedance looking into the network either at the input ter¬ 
minals with the output terminals connected to ohms, or at the output 
terminals with the input terminals connected to Ao ohms is. 


Z,t=Z; 


Sils 

2 


Bo Zj 


84 


«o + ^ 


2 Zf 


(74) 


This network does not provide a match of impedances at the Input and 
output urminala as can be seen, of course, from inspection. 
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(c) Foil Series Constant Resistance Type 

Tbiseqoalbtef drcuk shown in Figure 166-C U quite commonly 
ased in practice. As Figure 
1(56'C shows, both the in- 
verse impedances* Zi and 
Zt. ate used in tbisdrcult. 

Referring Co the figure, the 
impedance looking in at 
the i~2 terminals with the 
3-4 tercninals connected 
to Ro resistive ohms, is 


LL stn« tYSc-n 

- Full strics (OQStanr rtrimnce 
17 ^ equal iur. 


C^i 4~ ^t) 4- 2 Zi Za 

Ro (Zj -f- Zi) R©* -f- Zj Zs 


But by definition. Zi Zs = Rq^ and we therefore have 


The impedance Zu looking into the network at the 3*4 terminals with 
the 1*2 terminals connected to a resistance of Roohms is 


This impedance formula can be put in various forms by di/fecent 
transformations, but since it is of little impoitana these are omitted 
here. The important item in connection with the terminal impedances 
is that Zii is a constant resistance regardless of frequency, whereas Z $4 
varies with frequency in some manner. This network then provides 
perfect impedance conditions at the 1-2 terminals, but not at the 3*4 
terminals. The making of Zi and Zt inverse to each other makes it 
possible to secure this resistive impedance at the 1-2 terminals. 

With regard to the Insertion loss of the network the current de* 
[ivered to the load resistance by the network is: 
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Since the current without the use of the network is /j 
tion loss becomes 


the ioso 


(d) Foil Sbttnt Constant Resistance Typ« 

This network shown in Figure 166'D is the inverse of the foil series 
type network with respect to the 1-2 teimina!s. The termiiul im< 
pedance and insertion loss 
formulae are derived in the 
same manner. It will 
be seen that in this case 
also a match of imped' 
ances is obtained at the 
t>2 terminals bnc not at 
the 3'4 terminals. 


fOU. SHUNT TTPf 


-Fall shont eonMaac rtesusM 
trpe equal (2tf. 


Zii = Re — constant resistance 
Zm = not constant with frequency 


E Z, (Ra + 2,) 

2R« Rq* + 2RoZa+Z2* 


Zj (Rfl ^Zj 

2R. (A, + Z»)’ 


Insertion Loss 


(79) 
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(0 T Type Comrant Resistance Eqaalizer 

This T type network of Figure 166-E may be analyzed by aeparac^ 
ing it into two networks in tandem, one a full series type and the other a 



Pigen T Crpe coaKsoc lerisraeK crpc 

«4Uli2ec. 

full shunt type as shown in Figure 16d'F. 



For the full ihont type: 

Z'u ^ 

2R,H-2Z, 


I.L.s201og 


R4 + 2Zt 

Pctf the full secies type: 

Zts “ 


I.L. = 20h.8 ^+/^« 


[using formula (78)] 
[using formula (79)] 


[using formula (75)] 


[using formula (77)) 
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Prom this data and because the T network is symmetrical we have 
for the T network of Figure ld6'E 

Zii s; Zm ~ i^Q = constant resistance at both ends (80) 

And the inserrion Io«s is the sum of the losses for the two component 
sections; chat is. 


(f) Bridged T Constant Resistance BqnaUzer 

As a means of dC' 
riring the impedance 
and Joss cbarsicteristica 
of the bridged T eqnal' 
izec of Figure 166'G, 
consider again the foil 
shunt type equalizes 
arranged as an Figure 

166.H. 


locen 


— Bridyd X coojaAt KAaoncc 
type cquUxer. 


By Kircboff's laws the 
voltage is: 


i i Since the Impedaoce 

Fifaee U6-H — ^vivaUiie cireait for bridled T looking into d>e net' 
tTI».««U».eJFit«.]«6-a. ^ ,.2 

minals is R*. the voltage applied at these terminals is E/2. This gives 
for IxM ^ /ae* 



> Ri 

li 2il- 1 


g '■ 

^^ 
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Then Che voltage Egc becomes 

p g r 1 

^ ^«“ 2 L/io + 2i /?o + Z*J 

£ 90 = 2 eco 

Siace the voltage esdscing accoae the points B and C is zero, an 
impedance of any value may be connected between the points without 
disturbing the netvrork. When a resistance of ohms is connected 
between the points* B and C we arrive at the bridged T network 
of Figure 166>H. Hence, the insertion loss for the bridged T network is 
cbe same as for the full shnnt circuit. Since the bridged T network is 
symmetrical at both ends, we know that s Zia. Then we finally 
have for the bridged T network of Figure 166-0: 

Zit SI Zu — R 9 — constant resistance (82) 

and 

I,L. = 20 log -'^" + = 20 log ^ ( 8 J) 

Ao ^S 

(g) Bridge or Lattice Type Equalizer 

Before taking up the lattice type e^^ualizer, it will be useful to work 
out the current relations of the following bridge circuit when a voltage 
E is applied directly to one 
pair of the diagonal tec- 
minals and a resistance 
is connected across the 
other diagonal tcrmiruls. 

The impedances Za and 
Zj shown in the figure 
are defined as being inverse 
to each other with respect 

to Ro'. that is, Z^ Zt sr 
TU*. Since the configura¬ 
tion of cbe above dreoit is 
symmetrical, it is evident 
that equal currents flow through each of cbe iifipedances, and 
sunilarly for the Zs impedances. By Kirchoff’s laws, the voltage drop 
around any closed loop is zero. Considering cbe closed loop 1-3-4'L 


1 
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Now considering the loop 1-3*2«1. which includes the voltage £, we 
have 

l^2^ + h^=:E (85) 

Substituting for gives 


Then from equation 


. . £ Rd^Za , Ro’—Za 

'‘-’’^%R:TT^='‘Rr+z: 

It is noted from equation (86) that the impedance looking into the 
bridge at terminals l-'2 is a constant resistance of Rq ohms. Also* from 
equation (87) the current delivered to the resistance Ro is the current Jt 


entering terminals 1-2 multiplied bj the factor 


We are now in a 
position to consider 
the lattice type eqiul* 
izer section of Figure 
166«J. This network 
is the same as the 
above bridge circuit 
except that a resistance 
of R« ohms has been 
inserted in series with 
the voltage E. and the 
impedances and Zm 
have been replaced by 


LATTICE TVPC^-— 

J — L^rciee type equalizer. 
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the following chccits whece Zi aod Zj are inverse to each other: 


U» 






Since the network is sycnmetncal aboac the 1-2 and 3-4 ceminals we 
may say by means of equation (86): 

Zis = Za« = /^ (88) 

and also ftom equation (87) 

E R4>-Za 


ri = 


]'l = 


^-2Rt% + ZA 

ReZi 

2 H- Zi _ 


IRa 


R, 


RcZi 


2R4 + Z1 


2 (Ro + ^i) 


Since It. := we have for the insertion loss 


2R4> 


I.L.. sZOlog 


Jig + Zt 

Jle 


= 20 log 


Jig + Za 

Z, 


(89) 


3. SUMMARY OF EQUALIZER TYPES 

Figure 166 is a summary of the seven equalizer types discussed 
above. It is noted that cbe insertion loss formula, as expressed by the 
equation 

I.L. = 20 log = 20 !og ^ t -- (90) 

is applicable to each of the equalizer types. This means that an insertion 
loss characteristic obtained with one of the equalizer types can be 
duplicated by any of the otbet types. The above formula also shows 
chat cbe configurations of the insertion loss characteristics obtained for 
the equalizers of Figure 166 are determined solely by the inverse arms 
of the networks as represented by impedances Zi and Zg. This feature 
makes it practicable, in a design problem, to determine the circuits of 
the inverse arms independent of the equalizer types with which they 
ace to be used. In the work immediately following, cbe insection loss. 
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Pigar« 166 — Fandam«ntal Eqaaliz«r Typc^ 


Fijim NKWOrk 

166-A 


166-B 


}66C 


t-n 

- i 

1 

1 _ : 





166-D 







•N 

1‘T' 



L_^ 




1 ' 'tS'i 

rv—t 

1 



166^ 


afc—, 


Iiuertroft 


Type 

2 a 

Zm 

Loss 

Series 

Imp. 

Not 

Constant 

Not 

Constant 

20 log 

Sbunt 

Imp. 

Not 

Constant 

Not 

Constant 

20 log ^5^ 

Full 

Series 

A> 

Not 

Constant 

% 

20 

Full 

Shunt 


Not 

Consunt 

20 

T 

Type 

Ro 

K. 

20 log 

Bridged 

T 

R^ 

Re 

20 

Lattice 

Fo 

Ra 

20 log ^2^ 


NOTES: 


(1) Zi 2s = for all networka 

(2) 201og5£^> = 201og5i^ 


(3) Workiog CifCttil = ^ | I i »g? 


cbaracteristica obtaiocd wkb the oae of caruin common circok arrange' 
menu for tbe inverae arms are diacnssed in detail. In doing tbU it ia 
convenient to cooaider two rypea of orcaits: first, those containing 
only reactive elements, and second, those containing both resistive and 
reactive alemenra. Tbe pnrpose of this clasafication is made clear aa wa 
progtea. 
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As already mencioced, where the laverse arma are eoHrely resistiTe, 
the seven equalizer types degenerate into aiienuacors. For ioataoce, 
suppose we let 

Zi = i?, (K- 1) iindZ, = ^^ (obnu) 

where K Is a constant to be defined JaCer. Use of these arms with the 
seven circuits of Figure 166 results in the attenuator circuits of Figure 
167. The insertion loss of these attenuators is 

I.L. = 20 log J^o + M^-*? = 20 log K 

and X may now be seen to be the factor which determines the loss* of 
Che attenuators. 

Another important feature in connection with the above equalizer 
circuits is the impedance match obtained at the 1 -2 and 3-4 terminals. It 
is seen that two of the types shown do not give a match at either end; 
two produce a match of impedances ac one end: and the remaining three 


A_ 

aaArK'ii 


_J1 

X _ 




r 

semes lu^eoANca VfPi 


^ »UKT UPECMNCe TYPE 


A_ 



_1 

1 . 

w-u 
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1^ 


i 
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FULL SHUNr TYPE 
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1 

T TYPE 
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“J 




m R 

-I 

Vi _ 




INSOtnON LOSS 


•.W 


ALL TYPES 
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Fsgore 167 — A(Mo«(or cinstta. 
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provide » match o( impedances at both ends. This dissimUarity be* 
tweea the networks makes one circuit more* desirable than another 
under different conditions as discussed later. 


4. INVERSE ARMS PURELY REACXrVE 

When the inverse arms of equalizers consist only of reactive elements 
tbeic impedances may be expressed as 


Z, = /X,andZe=e;X3 

where (jXi) (/Xs) = Snbscicucmg these values into cbe general 
loss formola of equation (90) we have 

I.L. = 201og ^t^^‘ 

The term represents the vector ratio of two currents, /i,and 

I'l. A network iosercion loss is pcopottional to the ratio of the absolute 
magnitudes of the two currents, which is expressed by the absolute 

magnitude of the vector 


This gives: 

I.L. = 20108 #*^^ 


lL. = lO,o.^=. 


10 log, 




+ X*» 


X,> 


(91) 


Since Xi and Xa are pure reactances they vary with frequency between 
values of zero and iofinicy. This causes the msextion loss of equalizers 
employing such arms to also vary between zero and infinity ovet 
the complete frequency spectrum. It is useful to note at this time that 
when Xi has a numerical value of Ro ohms, and Xs is also equal to Ro 
ohms, the insertion loss becomes 


■l.L- = 10Iog^^^^=101og2 = 3db {92) 

J<4* 

In other words, cbe insertion loss passes through the three db loss point 
wbenevet the reactances Xi and X» are numerically equal to ohms. 
This provides a useful design telarion which will be used later. 

PotffluU (91) is, of course, valid for inverse arms of any com* 
idexity. In practice, a few relatively simple pairs are sufieienc for 
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baadlins a Urge portion of cbe equaJiscr problems enconncered. In 
the folloviflg worl, insertion loss dau an given for the pairs of reactive 



Zi 

Ze 

Case I 

9— -enriT'— < 

0 U 0 

Case It 

“ 


. Casein 

e-UUU— 1|— 0 


Case IV 


C WBJl II ft 


Figare 1S8 — P^m of TtMCiT* >qv?(K Bctwocks. 


inverse networks of Figure I68« used in connccrion with any of the 
cquali 2 er types of Figure 166. 

(a) Case! 

When Zt ss o suthi. o 
and Zi=s O ' |1 ^ ‘ 0 

From inspection it can be seen that cbe insertion loss of eqnalizert 
employing inverse arms of this type increases with increasing fr^uency. 
For example, Figure 169 shows the fnll series type equalizer of Figure 
166-C employing these inverse arms. Since cbe impedance of ibe shunt 



Fisen ! 69 ~ A foU Knee. Cm I, eqaalizer with iuenjoa Io« eluca«»cUtie. 
condenser Cg decreases with frequency, and that of tbe series inductance 
inaeases. the insertion loss becomes greater aa tbe frequency increases. 
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ThU effect caa be shown analytically in a more precise maoner as 
follows: 

From equadofl (48) the reactance of the iodactaoce Lx can he 
written 

;X, = /X,i (93) 

where is the reactance at the freqnency fg. It was shown in equation 
(92) that where equalizers employ pately reactive inverse arms their 
insertion loss is diree db at frequencies which makes the reactances of 
the inverse arms eaclf numerically equal to Rg ohms. Let "f^" be the fre* 
quency where the reactances Xi and Xa ate each Ra ohms, or, in ocher 
wordsi is the frequency wbete equalizers employing these inverse 
arms have three db loss. We have 

jIU = iX,^ot^ = ^ 

fs ft f* 

Then equation (93) can be written 

Using this value of Xi in connection with equation (91) gives for the 
final insertion loss formula 


I,L.= 10Io*[l + (^)'] (94) 

Chart II shows this insertion loss formula graphically where Iocs 
in db is plotted against the frequency ratio f/f^- As wouid be expected 
when ///« = 1 or / = the insertion loss is three db and the amount 
of loss increases with increasing frequency. In using this chart in 
practical, problems we need to specify only the frequency where we 
wish three db loss to occur, and read the losses for other frequeudes 
from Che diarC after determining the corresponding frequency redos. 

In terms of and the design constant the values of Li and Q 
can be obtained by the use of equations (47) and (50). We have 


, _Xs_f^_ R^ 


(95) 


^ Xs t»s Rt •• 2w fg Ae 

Column I of Chart I shows the equalizer secdons obtained when this 
pair of inverse arms is used with the . seven fundamental equalizer 
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t 7 p««. Tbe fonnulse for computiag tb« eUrrrical cofi^raocs for each of 
the networks are given at the bottom of the columa. 

(b) Cue 11 


When Zi =s 


and 


Zs~ 

u 


Thb pair of inverse anna i$ the same as tbe previous pair except that 
Zi aad Z 2 are Interchanged. Figure 1 70 shows a foil series type equalizer 



P:f OK 170 ~ A /qU series, Case II. eqnalixct wicb inserrioo loss dunccerutU, 

employing these arms. Ftom inspection it can be seen chat tbe Insertion' 
loss of this equalizer should decrease with increasing frequency some- 
wbat as indicated in the figure. Tbe insertion loss formola expressing 
this cbaracteriecic is obtained In tbe following manner: 

The reactance of the indaccance Lj is 

f 


/Xj = jRo 




wbete f, is tbe frequency foe which tbe numeckal value of Xs is 
ohms. Substituting this value of Xs into equation (91) we have for 
tbe insertion loss formula of equalizers employing these arms: 


I. L. = 10 log 




-a) 

I.L. = 101og[l + (i)’J 




(96) 


and the values of Ls and Ci io terau of Ro and as obtained, from 
equations (48) and (50) are 

Xg f?® Rn 


u 


Ci = 


1 


1 




1 


(97) 


•a 


X» - 
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Cbart III shows the inserCioD loss of equatioa (,96) plotted against 
the ratio f/f^. It is seeo that in this case the insertion loss decreases with 
incieasicg freqnencf. Again, as in the previous case, the loss when 
f = /a is three db. Column II of Chart I shows the equalizer drcuiu 
obtained when ihb pair of inverse arms is used with the fundamental 
types of Figore 166. and the electrical constants foe each of the circuits 
are given at the bottom of the column. In practical work, the frequency 
is uken as the point where we wish three db loss to occur, and the 
losses at other frequencies ate read from ihe curve after computing the 
corresponding frequency ratios. 

(c) Case III 

When Zi = [J^n 

and = 

The general form of the insertion loss characteristic of equalizers 
using this pair of inverse arms issbown in Figure 171. In this figure, the 
circuit given is obtained by using the above inverse arms with the full 


Figure 171 — A foil ttau. Csm III. eqiulitet wiifa Inteniea Ims ehatKUfiick. 
series type equalizer of Figure 166-C. Since Zi aod Zs are inverse to each 
other. Li and Ci are resonant at the same frequency. that L 2 and Cg 
ace anti-resonant. When this occurs, the network insertion loss Is zero 
as shown in the figure. For frequencies less or greater than /jt. the loss 
is finite and Increases with frequency departure from fji, At some fre¬ 
quency ft’ which is the frequency for which Zi and Z 2 are each numeri¬ 
cally equal to Ao ohms, the network loss is three db. The formula for 
precisely expressing this insertion loss characteristic is obtained as 
follows: 

Letting fg s ft and Xr = Ao as was done in the foregoing cases, we 
have by means of equation (55) ^ fit 





(98) 
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where $ s a, and "a" is the fcequeocy ratio fs/U and by definUion is 
greater than unity. Substitution of this value of Xj into equation (91) 
gives for the insertion loss equation: 



This equation expresses the insertion loss of equalisers using these arms 
in terms of the resonant frequency fs and the frequency where three 
db loss is obtained. The electrical elements, Li, C]. Lg and Cg, do not 
appear in this insertion loss formula, but may also be expressed in terms 
of these design parameters. Remembering that X« = = «« and 


^ = ^ = wc obtain from equation (56) and (57) 

Li Cl 





, fl*-l 

r_ 1 _ 

1 


( 100 ) 


Chart IV shows graphs of the insertion loss formula of equation 
(99) for a number of arbitrarily chosen values of "a". Assigning a 
speei£c value to "a" is equivalent to specifying the relation of the resO' 
nant frequency to the frequency where three db loss is obtained. Poi 
instance, for the curve where a =: 2, is one-half the frequency of 
resonance. Column Ill of Chart I shows the equalizers obtained when 
this pair of inverse arms is used with each of the network types of 
Figure 166. The formulae for the electrical constants of each of the 
circuits appear at the bottom of the column. 


(d> Case IV 


When 



and Zg A 11^ 

This pair of Inverse arms is the same aa the previous pair except 
that Zi and Zg are ioteKhanged. Figure 172 shows a full series type 
equalizer employing these arms, and the genera] form of the associated 
insertion loss cbaracteristic. It b seen that the loss is Infinite at the 
resonant frequency fjt- and Is zero at zero frequency and at an infinite 
frequency. At some frequency fo, where both Zi and Zg are equal to 
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ohms. tb« loss cum passes throagb the cfaree db point. As in cbe 
previous cases, can be placed ac any point in the frequency range be^ 



PigQK 172 — A (bU series. Cue IV. eqaaltzrt with iaeeniQD lots dsatscteriaiie. 


low f/t. simply by arranging Zi and Z 2 to be numerically equal to 
ohms at this frequency. 

The insertion loss formula is obtained as follows: Letting fa = 
Xa = Rg. and s = u. we have by means of equation (55) 

J__U 

0 - 

a 


Snbscicuting this value of Xs into equation (91) gives 


I.L. = 101og 1 + 




( 101 ) 


By means of equations (5d) and (57). and remembering that Xa and 
ua have been assigned tbe values of X 9 ~ R« and mg ^ we have for 
Ls and Cg 


Rf. 1 


Ce = 


1 


( 102 ) 


And bv tbe inverse reladons of ? as 7 ^ Ro* we have 



Again, as in tbe previous cases, eqoacioo (101) expresses tbe inser' 
lion loss of cqnalizers using this pair of inverse arrtu in Cerms of fji and 
fa, that is. in terms of f/f» and fn/f* = a- Chart V shows graphs of equa- 
tion (101) for different values of a. Column IV of Chart I shows cbc 
cqoalizers obtained when this pair of inverse arms is used with each of 
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tbe eqoalizcr tjpe4 of Hgii» ] 66. FonnoUe for tb< electric&l coiutanu 
are gjveQ at cbe Bottom of tbe column. 

5. INVERSE ARMS CONTAINING BOTH RESISTIVE 

AND REACTIVE ELEMENTS 

Where the ia7er8e anus of equalizers coauin both resistive and 
reactive elemeau the circuit coofiguiarioos coosidered must again be 
limited to those most commonly naed to keep tbe data presented within 
reason. Tbe general circuit configurations of Hgure 173 will first be 
discussed, after which 
specific circuits will be 

taken up, Tbe signtfi- piVAV^ 

can«ofthe. 7 mborX" 
which determines the 
value of cbe resistance* 

Ro (A - 1), will be 
made clear later. Tbe 
first pair of InTcrsc arms 
of Figure 173 is included 
only for the purposes of 
generality and as.shown 

below contributes nothing new to tbe design of eqnalizers. 





O—nVAV—O 


FlsQtt J73—GeoersI pair* of inverw am* ceatainiaB 
Votb Rsative aod rtacbvr titmeots. 


Foe this pair of arms we have 

Zt = Ro (A^l) +yXi 

and when used in connection with equaiion (90) tbe insertion loss 
formnla becomes 

I.L. = 20 


= 20 log K 




■RT 


= 20IogX4-201og 


Aa + / 


■ Xr 


T 


(104) 


R* 


. This formula makes i( clear that an equalizer using this pair of inverse 
arms is equivalent tou circuit consuting of an attenuator of loss equal to 
20 log K, in taodem with an equalizer employing purely reactive inverse 
arms of values 

« .X. 


• ^ 






Figon 174— Eq«i7»Uat bridged T equiizet cireojca. 
compoflgnc snoctcreg alre^y l>Ma discussed, .equalizers employlog 
the £csc pair of inverse arms of Figure 173 ace not discneeed further. 
Referring to the second pair of inverse arms of Figure 173 we have 

(K- 1) +/Xi 

Used in connection with equation (90) this gives for the insercioii loss 

I.L. = ;oio, \<f£:V)Vg^ 

Eliminating the vector symbol method used in developing 

equation (91), this becomes 

l.L.^10Iog (K- 1 )» + X,* 


or expressed in terms of Xs we have 

i,L.=ioiogr 1+— 


The insertion losses obtained from equation (105) for certain specific 
values of Xi are of interest at this rime, namely, when Xi = 0, Xi = » 
X — 1 

and \Xi\ = Ro —? . Successively inserting these values into cqna* 


tion (105) we have 
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Immediately following, insertion low formulae are de?eIoped and 
chart data presented using the pairs of inverse arms of Figure 175. 


(a) OseV 


When Z,= 


and Zi = 


Id this case X» of the Zs arm. is by means of equation (51). 

X2-Xs^ 


and again letting Xs s: i^o 

,P P. \/K f» 

Substitution into equation (ID6) gives for the insertion loss of net¬ 
works employing these inverse arms 


I.L. = 10 log 


fi , -I 


( 110 ) 


In the same manner as before> Cs and Li become 


1 


= ru 




c,= 


ZwffCt^ ^ K — \ 

I K- 1 I /C- 1 


2 » f > ^ -y/K •* Iw \/K“ 
K- 1 


(HI) 


Li = IU*Ct^ 


•» \/K 


Chart VI shows the insertion loss formula of (llO) plotted for 
rations valnes of the pad loss: that is, for vaiions values of K Column 
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V of Chare I giTes the equalizer sections obtained when these arms are 
used with the equalizer types of Figure 166. 


(b) Case VI 

When 
and 

For this pair of inverse'arms we, have by means of equation (48) 

Z,=j^ + jX,-^ ( 112 ) 

Ac the frequency where the insertion loss of equalizets employing 

these arms is 10 log the valtae of X# is reactive coin> 

ponenc Xs of eqnacion (112) then becomes* 

V - .Rev^ f 

Substitution of this value of X^ into equation (106) gives for the 
insertion loss formula 


"otM 


Z,= 


IX. = 



(113) 


This insettion loss formula is now in convenient form for plotting. 
CbarC VII shows such a family of curves plotted against the ratio f/f» 
for diferent values of K. At zero frequency. Where f/A = 0, the formula 
reduces to the pad loss value of 20 log K. Chart VII is arranged so 
that the pad loss varies in one db steps from two db to fourteen db. 
inclusive. Each curve of the charts is an insertion loss characteristic for 
a given value of X and plotted against the ratio f/f^. where f» is the fre* 
quency where the insertion loss is onS'half the pad loss. The values 
of L« and Ci in terms of Xa. X and are secured aa follows: At the 
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frequency the rSctance X». as already stated, is f^{^i 


Tbeo we have 


or 


u = 


•y f 7 ^T> 

^ IT *1 X/J — /vO 

R9 ■Re “v/R 


'lirf,. K-l- ^ K-1 

and from the iaverse relationship of Li and Ci. we have Lj/Ci “ Rp* or 


C,=*s^ = 


Li \ \/K 


(115) 


X- I 

Colunin VI of Chart I shows the equalizers obtained when this pair of 
inverse arms is used with the equalizer types of Figure 165. 


(c) Case VII 


When Zt = 


and 




ptoiK*n 

-^vVV\^ 

^ ^auui- -o 

‘-fcr’ 




The reactive component X* of the above Zj network is by means 
of equation (55), 

±_u 

x,=x,^s-^ 

* s 

Where f* is the frequency of resonance of La and C 2 . X 9 is the reactance 

at the frequency fs and s = ^. Letting Xs = Ro a' 

quency and letting s = 6 ^ fa/fi weljave 


f 


X, = Re-^^-* 


f* 

f 


h- 
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By means of equation (106) we obtain the following insertion loss 
formula for octworlcs using these inverse arms: 



( 116 ) 


The values of £.3 and Cs are secured from equations (56) and (57) if we 
remember chat we have sec up by definition the relations X$ ss 


e = fc and f* :s We have 


L$ ss 


_I, 


•s 


X - 1 h» - 1 


C,zs 


1 X- I 6»- 1 


vx 




(U7) 


And since by the inverse relationship between Zi and Zg. Lx = Cg R«* 
and Cl ^ Lg/Jio^ ve have 


li = ^ 


X, K- 1 1 


•» vx 






nis) 


The ineertioQ loss formula of (116) is expressed in terms of the 
frequency ratio f//» and the parameters K and b. To chart this equation 
fC is necessary to make curves for selected values of parameters. This 
has been done in Chares VIII to XVII. inclusive, where K has values 
which make the pad loss vary from three db to fourteen db in one db 
seeps. 

Colnmii VII of Chart I gives the equalizers obtained when these 
inverse arms are used with equalizer types of Figure 166. 


(d) CMeVIlI 

KofK'U 

and * Zg s 

Development of the insertion loss formula for equalizers using this 
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pail of inverse arms proceeds io the same manner as for the previous 
cases. We have for the reacunce Xi of the impedance Zi 


X, = Xa 


f 


t —• 


At the frequency f*, X$ = R, 


K- 1 


and s = b. This gives 


•Xi = J?o 


X- I 

v/X 


U 


fM 

f 




When this value of Xi is used with equation (105) the insertion loss 
formula becomes 



(119) 


By means of formulae (56) and (57), and remembeting that 



we have for the electrical constants of the inverse arms 

7 _1_ T \/X 1 

VX 

^_1 1 I I _1 

b* y/R 6»-l 

Charts XVIU to XXVIL inclusive, give inserKon loss characteristics 
for equalizers using these inverse arms as computed from formula 
(119). As in the previous case, each set of curves is for a particular pad 
loss; the range covered varying from three db to fourteen db in one db 
steps. Column VIII of Chart I shows the equalizer designs obtained 
when these inverse arms are used with the fundamental equalizer types. 
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CHART I 
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CHART I 

(c) 
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CHART I 
(d) 
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CHART n 
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CHART Vr 



nt. 


CHART VII 
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CHART IX 
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CHART X 



lililiKliiliili! 


:i'S!B!!!!!I!ll!: 


|SS|S2it|iii{rir{i{{ 




isISdilSf! 


CHART XI 





'iiMlIfiiiii: 
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CHART XIV 



ggHiijl! 


I j j j I ill lrl|ii' 11 JS.ii} K^|i!irr|i!||!| j| [Ijjii jl 
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CHART XVI 



CHART XVU 
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CHART XVin 



CHART XIX 



90 NOUWVNi 
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CHART XX 
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CHART XXIV 



CHART WCV 














































































Chapter XVII 

EQUALIZER DESIGN 

By HARRY KIMBALL 

The preceding chspKc has made available dejign formulae and 
charU foe the engineering of a number of useful equalizer types. The 
material is arranged in a manner permitting its use. in most instances, 
without reference to the underlying theoretical bases, although for best 
results one should be familiar with the mathematical development 
work. In using the charts it is necessary to be familiar with the symbols 
employed in presenting tbe data in order to formulate network requite- 
meocs to tbe best advantage and to carry on tbe subsequent design 
work. With this in mind ibe different symbols used for the charts are 
summarized below: 

20 log K = Pad or attenuator insertion lose of equalizers where (his 
feature is included in tbe design. When the pad loss is 
known the value of K may be computed thetefcom. 

f = Any frequency (c.p.s.). 

fa = Frequency of resonance or an ci-resonance of (be Zi and Zs 
arms (c.p.s.). 

fa ~ Frequency of 3.D db insertion loss (c.p.s.). 

f) = Frequency where one-half the pad loss of an equalizer is 
obtained (c.p.s.). 

a ^ = Always greater than unity. 

b sr = Always greater than unity, 
s: Connecting system resistance. 

In the work following, ten examples are given to show the use of 
tbe charts. These examples have been selected to illustrate different fea* 
tures encountered in practice, and in some cases the designs given are 
those actually used for certain equalizers of sound systems. The primary 
purpose of the examples is to familiarize tbe reader with tbe detail 
work involved in u^g the ebatrs to arrive at equalizec designs which 
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meet sfstem r«qairem«n(Sr aod In escimatiDg the equalizer inserrioo loas. 
Iq practice, the detetmiaation the electrical elements of aa equalizer is 
Dsnally the last item on the wozk program, since, when the design 
parameters to give the tequiied equalization chaiacceriscic are known, 
computing the electrical elements is merely a matter of working through 
some formulae. 

As already mentioned, Chare I has eight colnmns, each of which 
contains eqoalizer types having identical insertion losses, In order to 
facilitate the following work, the ecjnallzers of Column 1> for instance, 
ace referred to as Type 1 equalizers and so on for the remainder of the 
columns. 

Example. I , Design and show the insertion loss characteristic foe 
a bridged T, Type I equalizer, having 3 db insertion loss at 4,000 c.p.s. 
and working in a 5 00 ohm circuit. 

From these data we have 

500 ohms = 4,000 c.p.s. 


Reference to Column X of Chart 1 gives the electrical constants of the 
equalizer as 


T ^ 

^*"*2rf,”2*-X4.000 


= 0.0199 henries 


^ I0> _ 1,000,000 

^ 2»f.R, 2»X ^.000x 500 


0.0795 microfarads 


Using cbese electrical constants with the bridged T, Type I eqoalizer of 
Chart I. we secure the equalizer circuit of Figure 176. The insertion loss 
cbaracCerisdc shown is chtained by arbitrarily selecting a number of 
frequencies, computing the frequency ratios f/ft and reading the cone' 
spending insertion losses from Chare II as follows: 


Fn^ueoey 

{e,px.) 

f/U 

/nuttfon 
Lea (db) 

1.000 .. 


ft -1 

2.000 

0 .$ 

1 ft 

>.ooo 

fi 

7 1 

4,000 .• 

1 A 

4 A 

$,000 

1 -je 

A A 

$.000 

1 e 

K 1 

7.000 

1 7K 

e ft 

10.000 

2 .$ 

8.5 


•c 





FiSlire^l76 — CiRUt ud InM^tion toR chancterutic of Example 1. 


Examplt Z. Design and show cbe insertion loss cbaracterUcic for 
a fuU'Shnot, Type 1 equalizer having 6 4b insertion loss at 5,000 c.p.s.. 
and working in a 200 ohm circuit. 

Reference to Chart I! shows that 6 4b insertion loss gives, y— 

We then have 

f 5.000 , , 

That is ft = = 2.940 c.p.s. and = 200 ohms. From Column 

1 of Chart! we may now compute 


r - ^ 200 

^^“^2vf.'“2»x2.940 


0.0108 henries 


10 * _ 1 , 000.000 

”2irfJi)^2vX 2,940 X 200 


0.270 miaofarads 


The insertion loss at specific frequencies is secored by selecting fre¬ 
quencies and computing as follows: 
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Pn^urtKV 

f/U 

/.L. /eom 
Chari n 

1,000 


0.4 

■» ftftri 

. 0.51 - 

1.5 

\ riftfi 

_ 1.02 —. 

, 3.1 

A nnn 

1 'XA 

4 ^ 

5.000 . 

1.70 

6.0 


7,000 _2.>«_8-4 

10.000 _____-__ > 4 ___ 11.0 


Figure 177 shows tbe fpJl-shuot equalizer for cbese values Of tbe 
electrical elements and tbe corresponding insertion loss characieriscic. 



FigQK 17 7*—Cireeic aod ioMriioa ehattettnsti< of*£xaapl« 2. 


Example S. Design and show tbe insertion loss characteristic for 
a bridged T. Type U equalizer having 7 db insertion loss at 50 c.p.s. 
when operating in a 125 obm circuit. 

Refetring to Chart III, which applies to the Type II equalizers, we 
have for 7 db loss, = 0.5. Since, for this condition f ^ 50 c-p.8., 
tbe value of becomes 

= lOOc-p.a andRo=s 125 ohms 
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Th«o, from Columa It of Chart I, the equalizer electrical elementa 


io« i.000.000 - . . 

= TTT:^ = 2 T S<m ‘ xn$ = ^ 2.7 microfarads 


Arbitrarily selecting frequencies, computing rbe corresponding fre* 
quency ratios, and using Chart III to determine the associated insertion 
losses, gives the data below r 


Fn^utnfv 

fc.p.s,; 

30 ... . 

f/U 

. __ 0,3 , — 

InSHlion 

Lost 

... __ .. lO.B 

40 


. . ^ 8,6 

50 

— - __ 0.5 

7 ft 

60 

0,6 

K Q 

80 

0.8 

- 4.0 

IQO 

- 1.0 . 

^ 3.0 

150 

1 « 


rcn . 

.ro ... . 

. I.O 

400 4.0 __ 0.2 


Figure 17S shows the bridged T equalizer obtained by using these 
electrical elements and its insertion loss characteristic. 

















278 


MOTION PICTURE SOUND ENCINEERING 


Example 4~ D«ign snd show the insertion loss data for a Type IV 
equalizer for use in a 500 ohm circuit, having 3 db insertion loss at 
5.400 c.p.s. and with theZi and Zj artns resonant at 9,000 c.p.s. 


Prom these data we have 
/* = 9,000c,p.8- 

s 5,400 c.p.s. 


9,000 , 

^ = 5:4^= 


g»-I 1.78 
^ "2,78 


0.64 


J 


1 


0.56 


I" 1.78 

Referring to the Type IV equalizers of Chart I, the electrical con¬ 
stants are computed as follows: 

Ro 500 




2»/.”2»X 5.400 


= 0.0147 henries = 14,7 m.h. 


10 * _ 1 , 000,000 

5.400 X 500 


0.059 f. 


= 14.7 X 0.64 = 9.41 m.h. 

1 ^ = X 0.56 = 8.25 m.h. 

Cl 0.059 X 0-56 = 0.033. Mf. 

C, = C^^^ = 0.059 X 0.64 = 0.038 Mf» 


Insertion loss dau may now be read from Chart V, on the carve 
designated as 0 = ^ . Selecting a number of frequencies and computing 
ratios for fji = 9,000 gives the following insercioa loss data: 


FnqutrKV 

•> flflA 


f/f» 

A •>•) 

inmtion 
Lott {dbj 
A *» 

3,000 - 


0.33 

.. 0.6 

4,000 « 


0,45 


5.000 


0-55 

... 2,3 

0.000 


0.67 

4.2 

7.000 


0.7S 

7 4 

a.ooo 


0.89 

n 4 

9,000 _ 


_ roo 

_ ■■ — . lo^Aitt 
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Figure 179 show; this equalizer and its insertion loss characteristic. 



loutnet 

Fiseri 1^9 — Cifcoic aad inurtlon iou cbar^cteruiSc of Example 4. 


Example 5. Design and determine the insertion loss characteristic 
for a bridged T. Type IV equalizer working in a 200 ohm circuit and 
having a 4 db loss at 5*000 c.p.s.* and an 3 db loss at 8.000 c.p.s. 

Here again Chart V shows the insertion loss data applicable to tbU 
type of equalizer. Is this example, however, ibe data given is not in a 
form permitting the immediate selection of any one of the insertion loss 
corves. Before tbe equalizer can be designed means must be foand for 
determining any two of the three quantities fjt and a. This could be 
done by setting op and solving a pair of simultaneous equations based 
upon tbe loss data given, but this method is laborious and not entirely 
practical. The following graphical method is more satisfactory in most 
cases. 


Prepare the following table where a is allowed to successively take 
on tbe values given in Chart V* that is, 10/2. 10/3 and so on. Using 
the 4 db toss point which occurs at a frequency of 5.000 c.p.s.. prepare 

a second column showing the valoe of (be ratio ^ ^ 2 s read from 

tbe curves for each value of a. From this column compute a third column 

showing the tatio ss 1.4 . Now read the instr- 
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tion los«s from the different “a" curves for each value of 


m 


The particular value of ^ which gives dose to 8 db insertion 

loss is the correct one to use. 



5.000 

U 

7MQ 

Instriien 

L4U 4t 

fj, 

( 

4 

(4 ib lou) 

fn 

7,000 c.p.t. 

u 

10/2 

0.24 

0 . 55 $ 

6.2 



! 0 /> 

0,56 • 

0.50 

7.0 



10/4 

0.46 

0.65 

8.2 

11,000 

4,400 

10/5 

0.$6 

0.79 

9.8 



10/6 

0.66 

0.925 




10/7 

0.75 

1.05 




10/8 

0 84 





10/9 

0.95 






Referring to the above cable, a value of a e<^ual to 10/4 gives 8.2 
db at 7.000 c.p.s. The correct value of a is therefore a little larger chan 
10/4. For this problem, however, we will neglect this small increase. 
The value of f*. corresponding to a = 10/4, is f j = 11,000 c.p.s. and 
is 4.400 c.p.s. In actual practice it is not always necessary to prepare the 
above cable as the different steps involved can be done mentally. 

With these data the design work for the equalizer can be completed. 


We have 





= 0.19 


and from Column IV of Chart I 
, Ro _ 200 


Ca = 


2*f4"2*x4.400 
I0« 1.000.000 


2 r/*Ro‘“2TX 4,400 X 200 

” ' = 7.25 X 0.84 = 6.1 m.h. 


0.00725 henries = 7.25 m.h. 
= 0-181 *if- 


= tA = 7.25 X 0.19 = 1.57 m.b. 
C, = Ci^5^=:0.181 X 0.19 = 0-0344^f- 
C, = Ca 0.181 X 0.84 = 0.152/.f. 
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Data for plotting tbe in«ertion loss curve of this equalizer are ob* 
tained by preparing the following table from Chart V for the curve 
j=10/4: 


Pftqwncy 

f/fj, 

Jnuftiofi 

tees 

1.000 ... - - .... 

0.091 

—. — 0,2 

2,000 -. 

0.18Z 

_ 0.5 

3,000 _ 

0.2?3 

—J.4 

4.000 ... 

0.364 

.. , .. „ 2.4 

5.000 .. _ 

0.455 



6,000 —___ 0,546 _____ 5.5 


8.000 


0.73 

1 1 A 

9.000 _ 


0.82 

14.0 


Figure 180 shows this equalizer and its ioaection loss characteristic. 



Examplt 6. Design a series impedance, Type IV equalizer for use 
with a 125 ohm circuit and having 4 db insertion loss at 100 c.p.s., and 
8 db loss at €0 c.p.s. 

For this ^asc. fg must be of lower frequency than either of Che fre¬ 
quencies spedfed above in Order to secure the loss characterUcic desired. 
This means that in the frequency range of interest f/fj is greater than 
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one. Referring to Chart V and ming the 4 db loss point to prepare the 
following work table, as in the preWoos e^tample. we obtain the follow¬ 
ing results: 


t 

(4 4b iMt) 
100 

fm 

60 

IJ.. at 

60 c~p-t- 

f* 

10/2 

4.2 

2.5 

5.0 

24 

10/3 

2.5 

1.55 

lO.O 



4.5 


In this ease the first val ue of ‘ V' chosen gave 6.0 db loss at 6 0 c.p.s., 
which is the result required. It is noted that the corresponding value of 
/« (where 3 db mserdon loss is obtained) appears to be very low In the 
frequency range. As a matter of fact, 3 db loss is obtained foe two 
frequencies; that is, 4.8 c.p.s. and 120 c.p.s. The frequency f«, how¬ 
ever. was defined as being lower In frequency than in order to have "a" 
always greater than unity. For computation work, therefore, the lower 
value of fa must be used although this frequency is of no further interest. 
We therefore have 


fjt := 24 C.p,s. 

= 4.8 ep.s. 
us 5 


tf* “ 

1 

o»— I 


0.96 

0.0416 


From Column IV of Chart 1 

. Rft 125 . 


^ _ I0» 1.000,000 , 

U = = ‘♦•15 X 0.96 = 4.0 henries 


Cj = C 


1 


1 


265 X 0.0416 = 11.0^ f. 


Figure 181 shows the drenit of the series Impedance, Type IV 
equalizer, which uses these constants and the corresponding inserdon 
loss characteristic obtained in the same manner as for the previous 
examples. In constructing this equalizer, care should be taken to use an 
inductance coil having, in cbe region of 100 c.p.s.. an effective resistance 
wbkb is low compared to the dreuit unpedauce of 125 ^uns. 



EQUAUZER OESJGN 



«d 35 15 «S So 555 m5 

rAsttucHcr 

FigUM 181 — Circait and ioaertion loss cbarseterisik Example (. 


ExampU 7. Decermlne the losertion lo$s chincteristic aad proper 
working coaditioos for the eqaalizer givea in cbe ciicnit diagram of 
Hgare 182. 

Thia ia a bridged T« Type I equalizer and irs design formulae are 
as indicated in Colamn 1 of Chart 1. We have 

= 10*c= 346 ohms 




1 


159.2 


2 T Ca VO OIS X 0.15 


sr 3»060c.p.s. 


The equalizer, then, should work in a 346 ohm circoic and has 3 
db loss at 3,060 c.p.s. Tlie complete insertion loss cnrre, obtained in 
Che manner described in Example 1, is shown in Figure 182. 


f/f. 


IJ.. from 
CA«r<// 







100 MO 1000 JBBO $m MM 

fOCOMNCr 

Pisw 182-^ CiKoic o/ EumpJc 7 wUb compuced iaMrtion loe clutaeurijiic. 


£xamp^e S. 

(a) Design and show the iosercioc loss characreristic for i bridged 
T, Type V egnalizer, for use m a 500 ohm circuit. baTiog a pad loss 
of 14 db and a balMoss frequency of l.OOD c.p.s. 

(b) Design and show the insertion loss chaiacteristic for a bridged 
T, Type VI equali 2 er for use in a 500 ohm circuit, having a pad loss 
of 14 db and a half-loss frequency of 1.000 c.p.s. 

(e) Show the insertion loss characteristic for the two equali 2 eis 
when connected in tandem. 


The data for the two equalizers may be summarized as follows: 


Ra ^ 500 ohms 
fft =; 1.000 c.p.a 

K = 5.01 where 201ogfC = 14db 


K- 1 

VK 


179 




K- 1 


= 0.559 


For both equalizers we have from Chart I 

^I^= 2.xToOO = ° 
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]0* hOQO.QQQ . 

Ri = Ro (/C - 1) = 500 X 4.01 = 2,000 ohms 
500 




K- 1 “4.01 


= 125 ohms 


For the Type V equalizer we have from Chart I 

Li = 79.5 X 1.79 = 142.5 m.h. 

y/K 

Cj = = 0.318 X 1.79 = 0.57 

VK 


For the Type VI equalizer we have from Chart I 
L. = = 79.5 X 0,559 = 44.4 m.h. 

C, = = 0.318 X 0.559 = 0.178 ^f. 

Figure 183 shows the circuits of the two equalizers using the above 
values for the electrical elements, the insertion loss characteristics for 
each of the equalizers operating alone, and for tandem operation as 
determined by preparing the table below by means of Charts VI and 
VII. It is noted that the two equalizets are complementary to each 
other: chat is^ their insertion loss when operated In tandem is constant 
with frequency and equal to the equalizer pad loss. 


Frtqutnty 

(e.p.t.) 

//f. 

I.L. 0 fTvptV 
Bqualiztr from 

Chtfi vr 

I.L. of Type VI 
Equaiiztr from 
Ch9tt VU 

Tandim 

Lots 

1 ftrt 

0 1 

A <> 

17 a 

14 

7nft 

0.2 

0.8 — 

... 13.2 - ... 

-.... H 

300 . 

QJ 

1.6 . 

... 12.4 

. - 14 

400 ... 

0.4 

.. 2.4 - ... 

_ 11.6 

_ 14 

AArt 

0,5 

4.2 

.. 9.8 - 

- 14 

800 . 

0.8 

.. - 3.7 - 

_ ... 8.3 .. 

J4 

J.OOO.-_ 

I.O 

. __ 7.0 

7.0 . 

_ 14 

1,500 _ 

1.5 

— 7.5 

4,7 __ 

. 14 

■? non 

2,0 

in 7 

3,3 ...- 

14 

A AAA 

1 0 

17 1 

1.9 _ 

_ 14 

A AAA 

5.0 

n 7 

0.8 

14 

7.000 

7.0 

13.6 

0.4 

1+ 
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PigofC IS) — Grcaiii of egsalizen of Etaople 8 with compsted inscrdos 
cbaraettruric loe of ucb equliur and d>e uistnion Ion {hanecerUric of 
tbe two operacio{ io uod<A. 


Example 9. Design a bridge^] T, Type VII eqQaIi 2 er for use in a 
200 obm circait. having its max imam iasercion loss of 4 db at 3.000 
c.p.s. and its half-loss ftequency at 1.300 c.p.s. 

Vehave 

Ro ~ 200 ohms f« ^ 1.500 cp.s. 

f*= 3,000 c.p.8. 6 = 2= 10/5 

X= 2.59 where 2I)logX = 4db 

Referring to Column Vll of Cbact I, the following terms are needed 
for computing the electrical dements: 


X-1 1.59-1 

VK ^ 1-26 


= 0.469 


\/R _ 1.26 

X- 2” 0.59 


2.14 


6 *- 1 
b* 


= 0.75 


1 


= 0.334 




200 


”2wX 1.500 


6»- 1 

= 0.0212 henries = 21.2 si.b. 


C - 1.000.000 ... - 

' 1.500X200” 
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The electncat eUmeau are 


Li — Lt 


K- I b*- 1 


=; 21.2 X 0.469 X 0.75 = 7.45 m.h. 


2.2 = If ^^,=s'T1.2 X 2-14 X 0-334 = 15.15 m.h. 

Q = j5-^ = 0.53 X 2.14 X 0.334 = 0.378 


Cf = Cf 


K-\ 1 


= 0.53 X 0.469 X 0.75 =, 0.187 


~ (K - 1) = 200 X 0.59 = U8 ohms 

i> _ 200 , 

/<j = j = = 340 ohms 

Figure 184 shows the bridged T, Type VJI equalizer, using chest 
element values and the corresponding insertion loss characteristic when 
operating in a 200 ohm circuit. The loss data were obtained frc»m 
Chart Vlir for a valne of o = 10/5 and for a pad loss of 4 db. 






Fieon 154 —'CiKait and iDserdoa Iocs ehamcaruile of Bxanple 9. 

Example 10. Design a shunt impedance. Type V711 equalizer hav¬ 
ing an effective gain of 6 db at 1.000 c.p.s.. half this gain at 700 cp.s., 
and for use in a 200 ohm circuit. 



From these data we have 

fs =* 1,000 c.p.s. 
f» = 700 c.p.9. 


b= 10/7 

201og^ = 6 
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The followiog related data are needed for computing the electrical 


elements: 

X- 1 

1 A 

0!1 


- 1.414 

1 X f A 

-0.51 

* 0 96 

t 

= i.nlT 

i,s _ 1 - 


-2»f, 2-X 700 

10* 1.000,000 

- 1 1 ii f 


“ 2,f,«o“2»X 700X200“ 



From Cclumn VIII of Chart I, we have for the electrical element* 

J?, = ^^-^ = 2^ = 200 ohms 

L, = ^^=45-5 X 1.414X 0.51 = 32.8m.b. 

Cs = jrrT=X ° 

Figure 185 shows the shunt impedance* Type Vlll equalizer to cor¬ 
respond to* these electrical elements. The insertion loss characteristic 
shown was obtained ftom Chart XIX for a pad loss of 6 db and for 
sA 1.000 c.p.s. It is noted that when this equalizer is insetted into a 
circuit an effective gain of 6 db at 1.000 c.p.s. results. 
















Chapter XVIII 
WAVE FILTER THEORY 

Bff HARRY KIMBALL 


I. WAVE FILTERS 

Bleccdc wave iUtet^ like atcenuation eqaalizera, aie fodr'teriuiDal 
networks having a pair of iopat teimioals and a pair of oucpiK terminals. 
Between the input and output terminals is an orderly array of electrical 
elements arranged so as to produce a specifed issercloa-loss character* 
istic when connected between the proper terminal impedances. Unlike 
equalizers, resistive elements are excluded from wave filters, chat is. 
only inductive and capadtive elements are used to interconnect the input 
and output terminals. The reason for the exclusion of resistive con¬ 
ductors is contained in the purpose of a filter, that is. to traosmit with¬ 
out appreciable loss all frequencies of the transmission band and to 
attenuate by a prescribed amount frequencies lying outside this band. 
If resistive elements were used in conventional type filters, attenuation 
loss would result within the transmission band. 

Electric wave filters usually consist of a number of filter sections 
or unit four-terminal networks connected in tandem on a matched 
impedance basis to form the complete filter. It is not necessary that a 
filter consist of more than one section, but usually the transmission 
characteristic desired is such as to require the use of multiple sections. 
In this respect filters are difierent from equalizers, where in a great 
many cases, the desired equalization curves may be secured without 
tandem operation of sections. 

Although wave filters transmit the frequencies of their transmission 
band without appreciable attenuation loss, they do shift the relative 
phases of all the frequencies. This is an inherent feature of filters that 
cannot be avoided, although in some cases means are available for con¬ 
trolling the phase shift characteristic so as to minimize its effect on 
transmission. In many transmission systems, the effect of phase shift 
is not of suSdeut magnitude to require correction, while in certain 
types of systems corrective means must be employed. In the work which 
follows, phase shift within filters is considered only on a descriptive 
basis. 
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For dtsigc aod nomencUtore ptirpc$ea. wave filters arc classified 
into locr types in accordance with the chaHcter of theic accenuation 
characteristic. These types are: 

1. Low-Pass Filters. 

2. High-Pass Filters. 

3. Band-Pass Biters. 

4. Band-Elimication Filters. * 

For low-pass filters, the passing band inclodea the freqnency range 
from zero frequency to some other finite freqoency. For high-pass 
filters, the passing band covers cbe range from an infinite frequency 
down to some other frequency. A band-pass filter transmits a definite 
band of frequencies, and attenuates freqaeocies lying outside of the 
band. A band-elimination filter transmits all frequencies except a band 
of frequencies which are attenuated. Band'elimination filters, altbongb 
forming an integral part of classified filter theory, are seldom used for 
the reason that there is very little commercial need for filters having (heir 
type of attennatioQ characteristic. la the following work, low-pass 
and bigb-paas filters ate cbe ptbnaiy subjects of discussion. The figure 
below illustrates the transmission and attenuation ranges for the 
difierent types of filters. 



L«v-PiA Hi^.Pact ftaAd'PsM Bftod' 

EliiniBattMi 

Pisait IS6 ^ Filter tranimlwiva and soppieasioa naaea. 


2. IMAGE IMPEDANCES—.FOUR-T£RJdn4AL 
NETWORKS 

In wave filter work, tbe use of certain parameters knows as image 
impedances is of great value. Consider, for the momenc. the L-type 
network of Figure 137. having a series arm of 3CN) ohms resistance 
a rimne aim of 500 ohms reristacce. Let it be required to find two 
ocher reaiatances (image impedances) denoted by the symbols Zt and 
Z'/. which, when connected to the 1-2 and 3-4 tmninale respectively, 
of the nerwork. will sunoltaaMonriy match impedances at cbe network 


WAVE FILTER THEORY 


291 


ucmiiuls. Tbifi match of impedances is obtained in this case when Z; 
U 490 obms and Z'lis 306 ohms. To illastrate. the resistance looking 



Figore 18 7 — L*crp* aetwork termiaarcd 
IB image Impedaneei. 

into the network of Figure 187 at the 1-2 terminals with 306 ohms 
connected to the 3-4 terminals is 

Zu = 300 + = 490 ohms 

ovo 

and that at the 3'4 terminals with 490 ohms connected to the 1-2 
terminals is 



500 (300 + 490) 
500 + 300 + 490 


— 306 ohms 


For any network only one pair of impedances is capable of pi<y 
{facing the desired impedance match conditions simulcaneoasly at the 
input and oatpnt terminals. Thus, for Figure 187. 409 ohms and 306 
ohms are the only pair of resistances which will simnltaneonsly match 
impedances at the 1-2 and 3-4 terminals. Zi and Z*j are known as 
" image impedances*' for the reason that the impedances looking in both 
directions from the terminals in question are “images" of each other. 
Also. Zj is known as the mid-series image impedance because it is asso¬ 
ciated with the mid-series terminals of the network, and Z't is termed 
the mid-shunt image impedance since it relates to the mid-shunt 
terminals. 



General formulae are not difficult to derive for expressing the image 
impedances of networks in terms of the network electrical coastanti. 
Figure 188 shows an L section having a series arm of impedance Zj/2 
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and a $hane arm of impedance 2Z». Image impedances of values 2; 
and Z'j are shown connected to the 1-2 and 3-4 terminals respectively- 
It is dedred to express Z; and Z'/ in terms of Z^ and Z*. To do this, we 
have available the conditions that the impedance looking into the 1-2 
terminals of the network with a load of Z'/ connected to the 3-4 
terminals, must be equal to Z/, and similarly, the network impedance 
at the 3-4 terminals must be equal to Z'j with the load of Z/ connected 
to the 1-2 terminals. 

We have at the 1-2 terminals 

7 . JZtZl. 

- 2 2Z« 4- Z', 

and at the 3-4 termmals 

_ 2Z.(f + Z,) 

Z / = ■ 7 

2 Z,+^+Z; 

Simultaneous solution of these two equations for Z; and Z'r gives 


z, = Vz.z.(i+^) 

ZaZj 


Z'f = 


1 + 


Zj 

42, 


T Mid-tttics 
* 1 image 
/ inp<daA<e. 

(120) 

Mid'ShuDC 

image 

iQip«dsD<e. 

(121) 


These equations show thSt the image impedances of a network 
are determined by the connections and ekccrical constants of the 
network. As an application of the formulae, we have for Figure 187. 
Z 4/2 := 300 ohms and 2Zj = 500 ohms. Using these values of 2, and 
Zj with the above equations, we secure the image impedance values 
already mentioned. 




600 X 250 


/i X 

y ^ mo)~ 


490 ohms 


Z',= 


'600x250 


1 + 


600 

1000 


= 306 ohms 


Bquacions (120) and (121), as derived, have been shown to apply 
only to Z^type sections. It may be shown, however, either mathemati¬ 
cally or by other processes, chat they apply also to symmetrical T and « 
sections. For instance. Figure 1$9 shows two L sections joined at their 
mid-shnot tersunais to form a T section. The second L section of 
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Figure 159 U connected to a load impedance Zt at its 1-2 or mid-seri^'* 
terminals. Then its impedance at the 3*4 terminals is Z't as discussed 



J-T- I , i — - f-\ —- 

I. If ■w * i| 

Tigorc 189 — Image impedancci of T stetioni 


above. This sapplies a load of Z'l for the first L network. For this 
load condition the impedance looking into the 1-2 terminals of the first 
L section is 2/ as already proven. Then the T section formed by the 
joining of the two L sections has equal image impedances of Zt at both 
of its sets of terminals. In a similar manner it can be shown that when 
two L sections are joined at their mid-series terminals to form a ir 
section. Its image imped ances a re b oth al ike a nd equ al to Z'j. Figure 19 C 
summarizes these image impedance characteristics for L, T and r 
sections. 



Figure 190 —Image [tnpeduue and arrenution lo&see of gencnl L. T. 
aod r filter sections. 


In the design of filters by conventional methods it is customary 
to join L. T and ir type sections in tandem in sufficient numbers and 
types to secure the insertion loss characteristic desired. It will he shown 
later that such sections should always be joined at terminals having like 
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linage impedances ia order Co avoid internal reflection effects. Certain 
basiC'type sections are available which permit the designing of Altera 
in this manner with the maximam of flexibility. The general sections 
listed in Figure 191 are sufficient for practically all bigb-paas, low- 
pass and symmetrical band-pass Alter designs, which include a con¬ 
siderable part of these filters. 

Referring to Figure 191, the impedances Zi and Zs are those of any 
pair of reactive two-terminal networks. These impedances do not 
include resistive elements for the reason already explained—that filters 
in Order to freely transmit througbonc ihetr transmission bands can¬ 
not dissipate energy internally. Zi and 2% are also defined as being 
inverse to each other with respect to Roi that is JjZs — Ro*- The 
circuit configurations assigned to Zi and Zs determine the type of filters 
secured from the sections of Figure 191. For instance, if Zi is the inf- 
pedance of an inductance coil, all of the sections become low-pass filter 
sections, whereas if Zi is the impedance of a condenser, high-pass filter 
sections are obtained. The symbol “m” of Figure 191 is a design param¬ 
eter having any value between zero and unity. The image impedance 
and insertion loss characteristics of the filter sectioos arc both controlled 
by the value assigned to m in a manner which will be discussed later. 

The filter sections of Figure 191-A are called basic or constant K 
fiJcei sections: chose of Figure 191 -B are called series m-dertved sections, 
and those of Figure 191-C are tenued shunt m-derived sections. The 
constant K terminology originates from the practice of some autbozs of 
using the letter "K" to indicate the constancy of the product Zi and Z 2 I 
chat is. Z1Z3 = K. For the m-derived sections it may be mentioned that 
by mathematical processes the sections of Figures 191 • B and 191 -C can 
be derived from the basic sections of 191 -A, although this method ia 
not used here. 

Comparing the basic-type filter sections of Figure 191-A to the 
general aecciona of Figure 190. we have hy comparison.'Zi = Z 4 and 
Zi^Zg. Then, from equations (120) and (121). the image imped¬ 
ance formulae for the basic sections are given by the equations 



= R.Vi+:j^ 

(122) 

•Jf \ 



■ 

''■+4 

(123) 


Again, if the series m-derived sections of Figure 191-B are compared 
with the general sections of Figure 190. we secure 
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Zi = mZi 




These may W rearranged to give rbe relations 


Z4Z, = Z,Z,[^l + (l-n,»);Aj 


(124) 




1+-^ 
‘ + 4Z, 




(125) 


(126) 


Use of these relations in connection with equations (120) and (121) 
gives for the image impedances of the series m*derived sections: 


Mitf-ttrics y Same )sThe 

image impedance _ n t i _-y _cgimpondine /f^Tx 

ofaerire —/to \ 1 -f- 42 ® imag*‘“pf^awe 

m^derived secrions, ^ of ^rie teeilons. 


Mid'shont 
image 
imprdaiut 
of aerie« 
/H'derieed 


= R, 




= z-,[i + (i—•)^] 


OeoMed 
hcRioolier 
by the 

Symbol 2',. 


(128) 


Once more, when the shunt m* derived sections of Figure 191'C are 
compared with general ciicuats of Figure 190 we have, 

4m^ 7 7 

2 1 - m» _ mZi 

^ ^ 4nj ^ . . /4 .Bv Zi 




I+(l-m>)^ 


"• = § 



296 


MOTIOK PICTURE SOUND ENGlNEERINr, 


Ey obvious iransfoimations wt secure the relations 






] + (l-m*) 


Zx 


■k ' + 


m 


.A 

4Zs 


4Zs 


1 + {1-m*) 


A 

-4Z, 






4Z, 




(129) 


(130) 


(131) 


Use of these relations with equatioas (120) and (121) gives for 
the image impedance formulae of the shunt m'derived sections 


imase 
icapedance 
of ^ont 
ffl'deriTed 
SMtioaj. 




■zr 


42, 


1 + (l-«*) 


A 

4Za 


Z, 


DenoKd 
hcrniuftcc 
by Ch* 
Symlk^Z^ 


(132) 


Mid'(hoot imsM Rr. w. Saseucbc 

impManuof a=sg= Z y =<effMp0fldin8 (133) 

sbufit/^'derived ./i ■ tsijg* impedance 

SKtioos. ■ \ of tedc •Kiioxu, 

For the series m*derive4 sections of Figure 191 'Br it is observed that 
the mid-series image impedance is aoc depesdeat upon the vaiue of m 
but is identical with the corresponding impedance of the basic sections. 
This feature enables the designer to join in randem the basic and series' 
derived type sections at their mid*series cenninals vitbout incurring 
in Kraal rejection losses. Also the mid-$bunt image impedance of the 
shunt m*derived sections is independent of m. ^nd is identiul with the 
corresponding image impedance of the ba^ sections, permitting cbe 
joiaiag in tandem of these sections at ihelr mid'shunt terminals. Series^ 
derived and sbnnt-derived sections cannot be connected in tandem on a 
matched image impedance basis, either at tbrix mid'Series or mid'Shonc 
cenninals. Figure 192 shows a number of illnscndve combinatioas of 




Pifor* 19! — fanduMeuI filter Httioat. 


I 
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•the sectioos of Figure 191 connected in tandem on a matched image 
impedance basis, 

Each of the image tmpedaoce equations gives above contains the 

Z 

term which varies with fceqcency in a manner determined by Zi 
44a 

and Za. Hence, the image impedances of each of the sections of Figure 
191 vary in some manner with frequency, This does not affect the im* 
pedanee match obtained between the sections of a filtet since the image 
impedances of any two Joining sections are balanced against each other. 
However, at the input and output terminals the filter image impedances 
are balanced against the connecting system impedances, which arc 
osoally constant resistances, with the result that it is never possible to 
match impedances at the terminals of a filter. Means are available, how- 
ever, usually at a certain amount of additional expense, to reduce the 
terminal miS'inarcb as much as is needed. This point will be considered 
later for iow> and high'pass filters from an image impedance standpoint. 
A filter, then, may be considered a najnber of filter sections in tandem, 
having ideal impedance match conditions between the sections, but a 
certain amount of mis-match at the input and ontpnt terminals. 



FigBte l92~Tuidea opentiom gf 2lMr »Cbog<. 

5. ATTENUATION LOSSES 

When a filter section is wocking between connected loads which 
match its image impedances its inaertton loss is given the special name of 
atcenuation loss. The attenuation losa of a number of filter sections 
joined in tandem on a statebed image impedance basis la sunply the sum 
of the attenuation losses of the indmdoal sections. Al r^^ ^gh, in pnc' * 
tkal work, it is never possible to anaii 0 a cransmiuion aystem to pco- 
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vide image impedance connecting loads at the filter teimiaals. the 
attenuation losses of filters and filter sections are important factors in 
deceraiining the complete filter insertion loss. 

As a basis for arriving at the attenuation losses of the filter sections 
of Figure 191 , consider the L section of Figure I6S working between a 
$ending*end impedance 2/ and a load impedance Z'l as defined in 
equations ( 120 ) and ( 121 ), ,This provides a match of impedances at 
the input and output terminals of the section. For this condition, a cur* 
rent I'l is delivered to the load by a voltage E, inserted in series with the 
sending'end impedance Zj. The maximum currentwhich the voltage 
E can deliver to the load without the use of the filter, but with an ideal 
matching tcansformer used instead* as shown in Figure 165*A* is 

7 g 

'"“2VZ77; 

We have for I’t, 

r g 2Z, 

Z'i + 22a 

The current ratio becomes 



Prom equations (121) and (120) we have the relations: 


= -v/TT^ >od ^|ziF, = Vz-. z. 

From this, the current ratio of the L section is 


42, 

n loss is 

Accenuatioii Loss L Section = 20 log ^ 


(134) 


and the attenuation loss is 


The actenuahon loss for two L sections in tandem, that is. for a T 
section or a T section, is twice this attenuation loss. 


T and w Sections 
Attenuation Loss 



(135) 


In filter work, attenuation data in grapbiol form are usually com¬ 
piled for the Tand * sections, and the attenuation loss of L sections as 
taken as onc-balf of such dau. For this reason, equation (135) is more 
commonly used chan (134). Equation (133) may be expressed in 
other forms by use of tlK relation 
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W< have 


AcccDBadoD 
1m$ Tand 

T sncioot. 



(136) 



Tbeae fonnube are noted in Figure 190 for reference purposes. 

The attenuation loss formulae for the general wave filter sections 
of Figare 191 can be developed with the aid of the matertal shown in 
Rgure 190. Compating the basic filter sections of Figure 191-A with 
tbe general sections of Figure 190. we have 

= Zy and Zf SI Zi 

and tbe attenuation loss for full T and r basic sections becomes 


ArusnarioQ lots for 
T jod irscctioiu of 
Figuit I91-A. 



(138) 


Tbe actenaation losses of the series m-derived T and w sections ot 
Figure 191 >6 are Identical with those of the shunt m-derived sections of 
Figure 191-C We have, by comparing Figures 19I*B and C with 
Figure 190. and by use of relations expressed in equations (125). 
(126). (130) aud (131): 


ArtesuisoB ]c«s of 
T and r. lerlw aad 
sbvar m*d(rived 

sGrtiooi. • 



(139) 


4. TRANSMISSION AND ATTENUATION RANGES 
Equation (136) expresses tbe attenuation loss of the general T and 
» sections of Figure 190 in teems of the impedance ratio^^^where for 
filters, both Z 4 . snd Zj arc pure reactances. Tbe ratio of any two react 
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ances U a x«al number either positive ornegacivein value. That is, the ratio 
m varies between minus infinity and plua infinity for and Z 3 . 
having any reactive values. Figure 19 3 shows a graph of attenuation loss 



^ -40 ^ ^ -10 


20 20 


Attenttirivn s 20 log 


'^+4?:+ 


♦2. >4Z, 


where ^nd Zj = Pure reaenacee. 

Pisarc i9i —• Acteniutioa los enr^e wbrs Z^ aod Z,, are pore ruecjneea. 

as computed from eqaation (136) for covering the ratio range 

from—5.5 to+ 4.5. It is seen that varying amounts of loss are secured for 
all values of except when this ratio has values between zero and 

minus one. In other words, for having a value between zero and 

minus one. the filters freely transmit, whereas fot ocher values attenoa' 
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tion is s«cur«d. Th« critkal conditions separating the transmission from 
the suppression ranges are, 

Za 


and 


4Z, 

Zi 


= 0 


(140) 


4Z2 


1 


These are general equations applying to any filter sections having full* 
series and fulhshunc reactive impedances of Zx Zf- For the basic 
sections of Figure 191-A we have, Zx — Z\: Zb = Z$i and 

4 Z» 4Z2 

Then the critical conditions defining the band limits for these sections 
are 

Zi 


and 


4Zs 

II 

42, 


0 




(141) 


For the series and shunt m'derived sections of Figures 191*6 and 
191-C we have from equations (125) or (130) 

Zi 


Z 4 


m* 


4Z, 


l+(l_„s)A 


(142) 


Equating this valoe to zero gives foe one band* limiting condition 

Z, 


4Zb 


s 0 


(143) 


and equating equal to minus one gives for the ocher band-limit* 

ing condition: 

m>Zi 




.which gives 


Zt 


4Z, 


- 1 


(144) 


Since eqnatioQS (143) and (144) defining the band-limiting condi* 
tions for m-decived seccions arc Che same as equation (141) for basic 
sections, it is demonstrated that all of the sections of Figure 19 1 have 
the same band-limits for the same vaJoea of ^nd Z^ 
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Although the current ratio of and derived sec¬ 

tions of Figure 191 remains constant in magnitude at a value of unity 
throughout the transmission range, thus resulting in zero attenuation 
loss in this range, a considerable shift in phase between the two currents 
/t and /'iis experienced. The amount of this phase shift for any value of 

may be obtained by evaluating equation (156) for arbitcarily 

chosen values of • Figure 194 is a gtaph of the phase shift be¬ 

tween the unattenuated load current li and the attenuated load current 



Vi. It is noted that for ail positive values of ^ phase shift ia 

zero: that is, fz and i't ate in-pbase. Again, for values of which 

are more negative than minus one, the phase shift is 180 degrees, In 
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Other words, io the fttienuation rapgei the phase shift is constaoc. being 
zeco degrees for greater than zero, and ISO degrees for 

less chan minus one. In the transmission range'cbe phase angle changes 
from zero degrees for to 0, to 180 degrees for equal 

to minus one. 


5. INSERTION LOSSES 

The previous work has provided formulae for estimating the inaer' 
tion losses of filters working between connected loads which supply a 
match of impedances at cbe input and output terminals, and for this con* 
dition the insertion loss is given the special term of attenuation loss. 
When filters operate between ocher impedances, as they ordinarily do 
in practice, the complete insertion loss is secured by adding corcection 
losses to the artenuatioo losses to take account of the mis'match of 
impedances at the terminals. The magnitude of the correction losses, 
of course, decreases with improved impedance match conditions^ In 
dealing with these correction losses they are usually separated into two 
pairs; that is. Terminal Losses, and Interaction Losses. From a wave 
theory standpoint this division is in harmony with the eveuts which 
take place within the &lter. 

To develop the complete insertioU'loss formula of a filter working 
between eqnal sending- and receiving-end impedances of ohms, con¬ 
sider the dreuit of Figote 195. Here the filter shown in block schematic 



Figort 195 liuert{oo loim. 


form is assumed to have an image impedance of Zi at one end and Z'j at 
the other end. The attenuation loss, when operating between image 
impedances, is 20 log /C where K is the vector current ratio foe this con* 
dinon. The image impedances and K are assumed to be known quan* 
cities arrived at by the methods previously given. Referring to Figure 
195 the current delivered to the load without the use of the equalizer 
is 
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It can be shown* that the load current deliTcred to ihrouffh the 
filter is 


Fr ^ 2 £ V2r Z'l I 

K(Z, + R«) (2',4-^o) I ( Z'j-Ra Zi-Rt, \\ 

l^Z', + «o Zx + i^o K^) 

Then the insertion loss of the filter can be arranged as follows: 

r.L. = 201ogA 

f t, 

LL. ^ 20 Jog K (Attenuation loss) 

Rt -P Z 

(Terrainal loss at one end) 


+ 20 log 


■Ro + Z-x 

2 VRo Z'; 


(Terminal loss at other end) 


+ 20 log [^1 - Q, f; -H^)] (WracdonloB) 

For this general insertion loss formula the first term is the attenua¬ 
tion loss for the filter. The second and third Umt are the terminal 
losses, and the fourth term is known as the interaction loss. It Is nored 
that the terminal and interaction losses are zero when Z, 

In other words, where a match of impedances is obtained at both ends 
of the ^ter. the filter insertion loss is the same as its attenuation Joss. It 
ia only for mis-mauh conditions at the terminals that terminal and 
interaction losses need to be used as correction factors. 

The two terminal losses applying to a filter are in no way related 
to each other as indicated by the above formulae. For either end of a 
filter, the terminal losses are determined by the match of impedances 
obtained at that end. Is connection with the dUcossion given later of 
low-pass and high-pass filters, it will be shown that the frequency char¬ 
acteristics of the image impedances for these filter sections is most likely 
to depart from a constant resistance of ohms in the neighborhood of 
the cut-off frequencies of the sections. In other words, for convention¬ 
ally designed filters the terminal losses are usually very small (close to 
zero) for frequencies of the transmission band remote from the cut-off 
frequency, but become larger in the vicinity of the cut-off frequency, 
In the attenuation range the terminal losses are usually appreciable, but, 
except in precision designs, can be neglected where a safe margin of 
attenuation is provided by the filter atceouation losses. 


_ "K. S. Joboson. ’’Twtmfmcn Cirtuiu f«r T^Uohonie Commmiecuev." 

CbxptnXl 
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The iocmccioQ loss of a filur, as given by cbe above formula, is 
physically due to multiple cedections of energy back and forth through 
the filter structure. Two factors of the filter design Jointly determine 
the magnitude of the refected compocencs: One, the impedance match 
at each of the filter tenniaais: and two. the filter attenuation loss as 
expressed by fC The first of these factors determines the magnitude of 
the refieaed componeuts at the filter terminals, whereas the second 
factor acts to attenuate the components as they traverse from end to 
end of the filter. For example, where a match of impedances is obtained 
at either of the pair of filter terminals, the interaction loss is zero as 
borne out by the above formula. Again, in the attenuation range of a 
filter, the interaction loss is usually negligible because the refiected com¬ 
ponents are suppressed in traversing the filter: that is. X is large. Inter¬ 
action losses, then, like tetminal losses, are of greatest importance in 
the cut*off range of filters because in this range the terminal mis-match 
of impedance is grearesc and the filter attenuation loss is not sufficiently 
large to suppress the reflected cornponents. 



Chapter XIX 

LOW-PASS AND HIGH-PASS FILTERS 

Sv HAJiRY KIMBALL 

Th« previous chapter has made available the genera! network see- 
cions of Figure 191. and has shown the methods used for conoeccing 
the sections in tandem to form composite structures. All of the sections 
are eimpressed in terms of the pair of impedances, Zi and Z 2 . which for 
filter work have thus far been defined as relating to any pair of inverse 
two-termina! reactive networks. It has been shown that the attenua¬ 
tion cbaracteciscics for the sections depend upon the impedance ratio 

^. and that a range of free transmission U obtained for all values 

of this ratio lying between zero and minos one. It may further be said 
chat because of the manner in which Zi and Zs are defined, it is im¬ 
possible to select a pair of inverse networks for which a free trans¬ 
mission range is not secured, when used \ntb the filter sections of 
Figure 191. The actual placement of the transmission band for these sec- 
nons, with respect to the frequency spectrum is. of course, determined by 
the circuit configurations assigned to the Z; and Z; arms. For instance, 
it is shown below that, when the Zi arm is an inductance and the 2% 
arm is a capacitance, aU of the sections of Figure 191 are low-pass filters 
Again, if the Zi arm is an inductance and capacitance in series, and tbs 
Zj arm is the corresponding inverse circuit, band-pass filter sections ate 
obtained. We have. then, but to assign to Zi and Zt, different circuit 
conffgurations to secure different types of filter sections. In the follow¬ 
ing work this is done for low-pass and high-pass filters, and formulae 
and data relating to these filter sections are worked oot from the general 
data already presented. 

LOW-PASS FILTERS 

I. LOW-PASS FILTER SECTIONS 

A comprebensive group of simple and very practical low-past 
filter sections is obtained fr^ the general sections of Figure 191 when 
tbe Zi arm it made an inductance and the Z 3 arm the corresponding 
inverse capadtance. Denoting the indoctance by tbe symbol Lo and the 
apacitance by C# ve have. 
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Zi — / 2w 7 / « Lq 





(M5) 


Usifig these values Zi and Zs with the filter sections of Figure 
191« we ohtam the low-pass filter sections of Figure 196. 


2. TRANSMISSION AND ATTENUATION BANDS 

For the general sections of Figure 191. it has been shown char the 
hand limiting conditions are given by the equations 

^=(-1) ,nd^ = 0 

We have by means of (145) 

Making use of the first condition gives 

-ir*^IoCo = -l 

Let ft denote the value of f for which this equation is valid, that is 



Pignn 1 9i — Low-put 6etr «fiiou. 


This frequency. /«. separates the tranamisaon range from dte suppres¬ 
sion range, and is known as the cot* off frequency of these low-pass filter 
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sKCfons. Another cut'oif frequency of / ss 0 may be obtained by ming 


the other band limiting condition, namely: 


42, 


ss 0. but thb fre¬ 


quency is not usually referred to as a cot-off point. The low*pass filter 
sections of Figure 196 then freely transmit from a frequency of aero 
cycles per second up tocycles per second, and attenuate for frequencies 
higher than 


3. ELECTRICAL CONSTANTS 

With cbe values of Re and available as known design data, the 
constants L<, and Cq can be determined frocu equation (147). aided by 
the additional information that Lo and Co are inverse to each other: 
that is. Lo/Co = Solving these equations simultaneously, gives for 
the values of Lq and Co in terms of Ro and f« 



Co 


1 

V f«Rfl 


(H8) 


4. IMAGE IMPEDANCES 
We may now write 

Zi = /2J?.-^ 



4Z*“ V^/ ('«) 

= (J50) 

The image impedances Zr, Z'l, Z;* and ZV«, as given in equations 
(122), (123), (132) and (128) respectively, may now be expressed 
in terms of Ro and as follows; 




Mid'Mriei imase inpedasco 
— of basic crp« a^ ieriu 
m*drf[v«d lov-paoi filfae 
iKticfii. 


(151) 


Z'j=: Ro 




.Mld'shoai leuse japcdascis 
*0/ bam rypc aod oboat 
oi-deriTed low-pasa filter 
Hetieoo. 


(152) 
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of m-detived loW'pas (15?) 
fitter secrioos. 


Rt^yj ^ ~ ^ Mid •series isia|c impedance 

. ~ -V * / ^ of tbuflCm-detived loW'Oas 


Uid'Sburti imsje 
pedaoct of 
Kiiej /Q'derived 
(ow'paas filter 
tecrions. 


(154) 


It U noted that the image impedances for the derived type networks, 
as expressed by formulae (153) and (J 54;, break dowo or reduce to 
the corresponding formulae for the basic type networks when "m" has 
a value of one. For instance. If the value m — 1 is used in coonection 
with equation (153) the formula reduces to that of equation (151), 
and similarly, formula (154) reduces to formula (152). In ocher 
words, the basic networks may be considered as special cases of the 
derived networks. 

Since the above formulae are expressed in terms of the frequency 
ratio ^7“"^ ^ convenient to make graphs of these image impedance 

functions for various values of plot ted along the horizontal axis. 

For the vertical axis the ratios 

make the graphs more useful. This method of plotting may be seen 
more clearly when equations (153) and (154) ate expressed as 
follows: 




Ro 




R^ 


Im 


I-(l-m») (^) 


(155) 


Figure 19 7 shows a graph of equa tion (15 5 ) for various va lues of m. 
and for values of wirbin the transmission band of the above 

low-pass filter sections; that is. when varies over the range from 

zero to one. It is noted that the image impedance characteristics aie 
resistive throughout the tfansmisrion range. The curve for m s 1 is 
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iht imag« impedance characteruCic for rbe basic-type sections as ex¬ 
plained above. One item worth special attention is the form of the 
different image impedance curves for certain values of "m". Foe in¬ 
stance. when m ss O.d, the image impedance curve is approximately 



FtsBR 197 — Iiuse it&pcdaDee cbarwHrudM tor low* aad blsb-pus 
filter ttccivM within cbe tnssmiwos buid for 
variods valuea of m. 

constant up to about eigbcy-five per cent of the cut-off frequency. This 
means that derived sections employing a value of m = O.d have image 
impedance cbaracteristics Z;« and Z'lm which are approximately con¬ 
stant at R 9 ohms over the greater part of the transmishon band. Con- 
seqoently, lach sections are often used at the ends of filters to reduce 
terminal and interaction losses throughout the transmission band. 

5. ATTENUATION CHARACTERISTICS 

Attenuation cbaracteristics for the low-pass filter sections of Figure 
196 may be obtained from the general formula of equation (139) as 
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applied to ibese sections. Using the value of equation 

(149) with equation (139) gives 

AtuftMsUmloM ’^'”^“( 77 ) 

fotlov'pase T aad = 20 log _ ^ '• (15(5) 

r«cKope -.J /_^\^ 




In tbe atcenuacion range of low-pass Ultecs where f is greater than 

the term always negative. For grapbing purposes it 

U desirable to express equation (156) in a manner 10 eliminate this 
negative condition. 


Acrenuaben loss 

for lov-piaa T ^20 log 

and * weeioM 




m 


(157) 


, f 

— 1 — n~T' 



iiiiiiiiawnsHH 
HiiiiiiiiawMinva 
•iiiinirniiMunB 
■iiiiaiiwiBaRBB 
■ltll»BBflBB9 
■iiiiinwiBBiQia 
lllll.1HnBBKI 
lllltfVfiBRi 
Il'iTKBBI^iiBRaBBBailBBBBBBBSaB 
■IHri^BBlBIBBiegBggBBBBBBBBBiB 
awjaaa BBBBBBBgg agBBpgB 
l/i/itSiSIBeSIBBBBSaiBBBBBBBBBBB 

"//»!eflBB!iBBBgBiBSBS&B9B9^ii 
agBBBBBBSBSagggBBWBB! 




*/% ati y, 


u II u aj u 


Fison t9B ~ Atreaoktioo Iona (oc tow- uul tsigb-pau SIttn. 
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Figure 198 shows scteniution loss corves compoced from this formula 
for a number of arbitrarily chosen values of m and plotted against cbe 


ratio 



The characteristics apply to all of the T and r sections 


of Figure 196 and may be used for L sections except chat in this case, the 
insertion loss is one-half the curve values. It is noted that equation 
<139) reduces CO (138) when m has the special value of m = 1. Then 
in Figure 198, the characterisric designated as m ^ 1, applies to basic T 
and T low-pass Alter sections, whereas the remainder of the curves are 
for derived sections. 


Keferriog to Figure 198, it is noted that the loss characteristics for 
derived sections have points of infinite attenuation (peak points). 


These occur at values of where the Za or Za arms of the sections 

are resonant or aoti-resonant, as the case may be. For the T type, series 
m-derived section of Figure 196, the shunt arm is resonant w^n 


... , 1 — m* , 


1 


2rfmCt\ 


Let / =; fji be tbe frequency for which this equation is valid. Solving 
we have 




1 


^ (1 -m*) LoC« 


Using the values of Lo and Co given in (148) we have 
/ ^ 


(158) 


This equation states that wheu m =; 1 the resonant frequency is infinite, 
and when m ss 0 . the resonant frequency is equal to the cut-off fre¬ 
quency f«. In other words, the peak point for low-pass filter sections 
may be placed anywhere between tbe cut-off frequency and an infinite 
frequeocy by giving to m a value between zero and one. A basic section 
may be regarded as a derived section having m = 1 and = infinity. 

6 . SUMMARY OF LOW-PASS FILTER DATA 

Chart XXVni shows the low-pass filter sections of Figure 196 and 
tbe associated design data discussed above. 
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CHART XXVIII 



LoW'paM Pilot Data 



















LOW-PASS ANT HiGH-PASS FILTERS 3 J 5 

HIGH-PASS FILTERS 

7. COMMON BASIC- AND DERIVED-TYPE SECTIONS 

In the S4in« manner as for the low-pass fleers just discussed, a group 
of useful high-pass filter sections U obtained from the foregoing ladder- 
type structures when the series ann of reactance Zj is a capacitance and 
the shunt arm of reactance Z« is an inductance. Where Ltt indicates the 
inductance and Ce the capacitance, this gives 

T . 1 

Zi^jlwfU (159) 

When these elements are used in connection with the filter sections of 
Figure 191, we obtain the following high-pass filter sections of Figure 
199. 



8 . TRANSMISSION AND ATTENUATION RANGES 

Again making use of the band limiting conditions of equation 
(141) in connection with the values of Zj and Zi shown above, we have 



t 

l6.*f»LsCo 
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The only value of f for which this eqnatioa ii valid is when f is isfinite, 
or in other wordS/ one of the cue*off frequencies for the high'paas filter 
sections of Figure 199 is at an infinite frequency. This cut-ofT fre-' 
quency for high-pass sections, like the zero cat-ofi frequency for loV' 
pass sections^ is not usually referred to as a cut'Off point for the reason 
that it cannot be incorporated into design formulae. Now, from the 
other band limiting condition of (141) we may write: 


42a” 


— 1 


If /«is used CO denote the frequency for which this equation is valid, 
we have 


4t\/LoCo 


(160) 


This frequency fg denotes the lower limit of the transmission band of 
the above bigh'pass filter sections, that is, the transmission band extends 
from the frequency to infinity. On this basis the attenuaHon range 
includes all frequencies between zero and cycles per second. 


9. ELECTRICAI, CONSTANTS 

Simuhaoeous solution of (160) in connection with the inverse 
relation existing between Lo-and Co, namely 

makes it possible to express Lo and Co in terms of FU and We have 



( 161 ) 

r 1 

For any high-pass filter, therefore, when f, and Ro are known quantities, 
the values of the primary constants L« and Co may be computed from 
these formulae. The remaining properties of the bigb*pas8 filter sec- 
tiOns can now be evaluated la terau of Ao, and m. 

10. IMAGB IMPEDANCES 

Using these above values of Lo aud Ce. the following reladona 
between Zt and Zy may be set op: 
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Z,z=jZ,fU = j^j- 

.4=-(»■■ 

-4=-(^r 


(162) 


By means of these Rhtions, the image impedances Z;. ZV Zjn> and 
^';n> ^ in equations (I22)* (123), (132) and (128) respec- 
cively* can be expressed in terms of Rn, fg. and m as follows; 


Z,=:J^oVl^ = 


Mid'Setio isufe 
. impedance of basic (7pe 
and aesits rr-derlved hlgb- 
pas filter secHona. 


(163) 


Z'; = Ri 


f 


_ Mid-ehaat imase Impedatie* ,, ^ 

of basic type a od shnne m- { 1 o4 ) 
derived blgh'pass 
filies sectioas. 


z» = 


1 _{]_„») 


Mid'teriu imaga inpedance 
= of aboat m*deriv<d 
bisb-pass fillet aeceioa». 


-(!-..») (A)' 


(165) 




Mid'sboat image 
j mpedance of senea m «r \ 
m*dcrived bigb-pass ^ *' 

filter aeciioiit. 


Ic U again noted that when the value of m — I is osed with the derived 
image impedances of (165) and (166) the formulae break down to 
give formulae (163) and (164). which relate to the basic-type sections. 
For plotting purposes, formulae (165) and (166) may be written. 


*- T, 


(A) 


(167) 
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From this formula the amount the image impedances Zjm and Z 

depart from i?o ohms may be plotted against the ratio various 

values of ft?. It is not necessary to make any additional curves to show 
the graph of formula (167) as the curves of Figure 197 which were 
plotted to show the image impedances of low-pass filters are applicable 

simply by designating the horiiODtal as of instead of ^”V 


II. ATTENUATION CHARACTERISTICS 

Again, as for low-pass filters, the attenuation chatacteristics for 
the above high-pass filter sections may be obtained by means of the 
general attenuation formula of (1>9) 


That is, 


Atunuation loss = 20 log 


vr+^+.. 




Vi 


4Z, 


Foe bigh'pass filter sections where 


this reduces Co 


Attenuation loss = 20 log 



Now, in the attenoation range of bigh'pass filters, chat is, in the 
frequency range from zceo cycles per'second to cycles per second 

. the ratio ^ always greater than unity, and hence the factor 

1^1 — ^ J is always negative in this range. It is therefore desiC' 
able to rearrange (168) as f^ows: 
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Atcenvation loss = 20 log 




( 169 ) 


V(Ay-i-™A 

This formula foe high-pass filter sections is the same as chat foe low-pass 
filters except chat it is expressed in terms of the ratb instead of 

. Consequently, the curves of Figute 198 may also be used for 

higb'pass filters as well as low-pass filters simply by using ratios 

instead of along the borssontal axis. 

Infinite loss points occur in the attenuation curves whenever the 


ratio 




is infinite, or what is the same 


thing, when the denominator of the expression is zero. Thus 

Eleflotiog the value of f for which this equation is valid by /». we have, 
"7^= ^ 1 I or ^ — y/l — m* 

When, for a derived filter section, the value of ^^^is known, m may 
be determined from the formula 

- s \ 

(170) 


m 




12. SUMMARY OF HIGH-PASS FILTER DATA 

Chart XXIX shows the higb-pass sections of Hgure 199 and the 
associated design data developed above. 
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13. SOME DESIGN CONSIDERATIONS 

The foregoing work b&s supplied dau for designing the common 
types of low-pass and high-pass filters. To itTiew, it has been «ien- 
ciooed (bat where a filter consists of several sections, the sections arc 
joined together on a matched image impedance basis. Chares XXVIII 
and XXIX. showing the various low-pass and high-pass filter sections, 
indicate the terminals of the sections that have like image impedance. 
It is only necessary to join these sections together at such like terminals 
CO secure a properly connected composite filter. 

The total attenuation loss for a filter consisting of several sections 
is simply the snm of the attenuation losses of the individual sections. 
For eYample, suppose a low-pass filter consists of two sections; one. a 
derived section of m = 0.6. and the other a basic-type section (m ^ 1). 
Referring to Figure 198. the attenuation loss for the two sectiona is 
obtained by adding the curve for m = D.6 and the curve for m = 1.0: 
In arranging the sections in a filter to meet given attenuation require¬ 
ments. advantage should be taken of the types of cbaracteiUtics obtained 
from both the basic and derived sections. For instance, referring to 
Figure 198, it is noted that basic-type sections are useful to secure loss 
at frequencies remote from the cut-off. whereas derived sections give 
maximum attenuatioo at cheir peak points, the frequency location of 
which may be placed by the valoe assigned to m. Full sections should 
not be used where half-sections (L sections) will suffice. Falters, then, 
are built up of basic and derived sections with the peak points of the 
derived sections placed at strategic points to meet the attenuation 
characteristic desired. 

In connection with attencarion losses it is to be remembered that 
the insertion loss of a filter is equal to its attenuation loss plus two 
correction losses, namely terminal and interaction loses. Because of 
the difficulty of presenting and using graphical data for estimating 
terminal and interaction losses, such data are not given In this hook. 
Except in the vicinity of the cut-off frequency, however, a knowledge 
of the attenuation characteristic of a filter is sufficiently accurate for 
most purposes. In the cut-off range, reference may be made to filter 
design hooks when it is desired to predict precisely the transmtssion 
characteristic. Experience with the characteristics of cypica! filters, how 
ever, often makes this unnecessary. 

The data of Figure 19 7 show that the image impedance character¬ 
istic for derived sections having a value of m equal to about 0.6 is ap- 
ptoximately a constant resistance over a large part of the transmission 
band. These sections, then, make good end sections for filters where Ic is 
desired to reduce terminal and interaction losses by matching the filler 
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impedances ^th the connecting system loads. It is often necessary to 
use such sections for terminations even though their attenuation charac* 
ceristic may not be used to the best advantage in building Dp the filter 
ro meet desired requirements. Of course* if this is the case, half-sections 
are employed to avoid the unnecessary wasting of elements. 

U. SERIES A>ro PARALLEL OPERATION OF 
LOW-PASS AND HIGH-PASS FILTERS 
In certain electrical circuits, as for instance, dividing networks for 
loud-speaker systems, it is sometimes necessary to divide the frequency 
band into two parts by means of low* pass and high-pass filters opera ted 
in series or in parallel. 



Ohms 

FifUJt, 200 — Low- kAd bi|))-pui films. 
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In arranging » low-pass and a higb-pau filter foe series or parallel 
operation, it is only necessary to employ special design methods in con¬ 
nection with the first half-61 tec sections of each of the filters, the 
remaining sections being designed in accordance with conventional 
filter practice. For the first half-filter sections, m-derived types are used, 
the filters having mid-shunt tenninations for parallel operation and 
mid-aeries terminations for series operation. Figure 20D shows a low- 
pass filter and a high-pass filter, each of which has its first half filter 
section shown in detail, and the remaining filter sections in block 
schematic form. It is recognized that the half sections shown are each 
mid-shunt terminaceti m-derived types, the constant "m" determining 
the place in the frequency range where infinite attenuation i$ theoretical¬ 
ly obtained and also coatrolling the frequency configuration of the mid- 
shunt image impedances. This pair of filters when used individually 
and when the filter sections contained in the block schematics are de¬ 
signed according to conventional filter practice, should have reasonably 
good attenaaiion characteristics. 

In showing the changes which it la necessary to make in the termi¬ 
nating sections of the filters of Figure 200 to make parallel operation 
possible, it is interesting to first consider some of the reactive impedances 
of the filters at different points. In order to be specific, it is assomed that 
each of the filters is designed for a cut-off frequency of /q cycles per 
second, and that the low-pass filter has an image impedance of Re resis¬ 
tive ohms at zero frequency, and the high-pass, filter has the »me image 
impedance at an infinite frequency. 

Figure 201 shows the reactive impedances listed below for the filters 
(these reactive characteristics were calculated for a valne of m equal to 
0.6. other curves foe other values of m not being Included because of 
the confusion they would cause in the drawing): 

(1) Impedance characteristic in the passing band of the coil and 
condenser shunted across the input of the low-pass filter designated in 
Figare200 a8X4. 

(2) Impedance characteristic in the passing band of the coil and 
condenser shunted across the input of the high-pass filter designated in 
Figure 200 as X|. 

(3) Image impedance cbaracteristlc in the attenuation range of the 
low-pass filter at tlK point acr of the filter and designated as X^a. 

(4) Image impedance characteristic in the attenuation range of the 
bigb-pasa filter at the point bb of the filter and designated as Xit- 
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It is seen chat the reacciTe impedances of curve ^ and com 

are vetf nearly alike over the complete passing band of the low-pass 

X X 

filter, and likewise the same is ttne of carve and curve over the 

JK(i 

passing band of the high-pass filter. This leads to the conception of 


IHII 


■Mniim 


mmmmam 





f CACrANCe MfCDANCe QWUCTlttSTKS 
Of mom 


Pif^re 201 -^Rucc»b«« iaipt^occ chjncRntiu of sctwarks ta Flfun 200. 
placing the two filters in parallel by omitting the shoot coils and con¬ 
densers at the input ends of the filters as in Figure 2 02-A. In other words, 
in the passing band of the low-pass filter, the filter elements of the high- 
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pats filter take the place of the «hiJnt coil and condenser. Conversely, 
in the passing band of the high-pass filter, the filter elements of the low- 
pass filter cake the place of the shunt coil and condenser omitted from 
thehigh-passfiUer. Then in Figure 202-A chclow-pa« unit in its trans¬ 
mitting range should exhibit practically the same aetenoation and im- 
pedance fhatacterbcics as the low-pass filter of Figure 200 and likewise 
for the high-pass unit in its passing range. In the attenuation ranges 


■senes Image Impedance 
OhfFjj 


Low 

Pau 

Fifter 

3ecbcns 


Fareds 


■ Mid-series Image Impedance 
Ohms 

Pa»])cl-trp« diTidkr artwork. 


Mid-shunt Image Impedance 
Ohms 


Farads 


!:y ‘Mid'Shuftt Irrage Impedance 
vl* ffj Ohms 

Figure 202*B — Serles'trpc dividlsg otcwork. 

of the filters, the networks of Figures 200 and 202-A will not be respec¬ 
tively the same, but any lack of attenuation which the network of Figure 
202-A has lost by paralleling an always be made up by adding mote 
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$eccions id the block schematics. Figure 202-A then gives a method for 
designing the eod half-sections of a low-pass filter and a high*paas filter, 
where they are to be operated in parallel. 

The same procedure as above could be gone through for arriving 
at the design of a lotv-pasa filter and a high*pass filter which are to he 
operated in series. This, however, is not necessary as the series type net¬ 
work can be arrived at by using the principle of inverse networks. The 
network of Figure 202-B is cbe inverse of the network of Figure 202'A 
and represents the design procedure employed for placing a low-pass 
filter and a high* pass ^tet in series. For both the secies and parallel 
methods a value of m = 0.6 is usually employed, since the networks 
are inverse to each other. 



Chapter XX 


DIVIDING NETWORKS FOR 
LOUD-SPEAKER SYSTEMS 

Bv HARAY KtMBALL 

In tbe design‘of linear sound reprodueing equipment where it is 
desired to faithfully reproduce tones from about* 50 cycles per second 
CO about S,000 cycles per second, it is common practice to divide the 
frequency range into two or more parts and provide one or more loud* 
speakers for each of these frequency ranges. The speakers employed 
foe the different bands are. of coarse, differently designed* each speaker 
being particularly suitable for its own band. Since it is not possible to 
design speakers which vrill faithfully and efficiently reproduce fre* 
quencies In one preassigned band, and sharply attenuate frequencies 
outside of the band, it is necessary to supply an electrical network 
between the final power amplifiers and the speakers to deliver the 
correct frequency band to each of the secs of loud-speakers. These net¬ 
works have acquired the name of “dividing networks.” 

In practice. loud-speaker systems may be of the two-way or three* 
way types. Because of the predominance of two-way systems, only 
networks for use with these systems are discussed tu this text. 

For the two-way system the speakers handling the lower frequencies 
are termed the low-frequency speakers or low-range speakers. In like 
manner, the speakers which reproduce higher frequencies are called the 
upper-frequcccy speakecs or upper-range speakers. For each of the two 
frequency bands one speaker unit or a number of speakers are arranged in 
series-parallel combinations to secure the proper combined load. 

Dividing networks are not usually of the sharp cut-off type, chat is, 
they are not arranged to uniformly transmit fcequencies of a given band 
and then sharply attenuate all other frequencies. Rather, they transmit 
the band frequencies almost uniformly and gradually slope off. thereby 
giving a certain amount of over-lap between the assigned frequency 
ranges. While theoretically it may seem desirable to arrange ditiding 
networks to cut-off sbarply. ftom a commeicial standpoint the sharp¬ 
ness of cut-off is necessarily a compromise between expense and effective¬ 
ness. Pot well designed speaker systems, the rate of change of attenua¬ 
tion should at least be sufficient to suppress objectionable irregulscities 

327 
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ia rhe response of one horn in its tcsnsmitcing range because of sound 
coming from the other horn in its suppression range. From an analysis 
of a large number of speaker systems it appears that dividing networks 
should provide at least ID to 12 db ’attenuation one octave away from 
cheic cut'Offs. In coosideriag networks having greater rates of change of 
accenuaclon it should be remembered that increased attenuation U 
accompanied by increased losses in the transmitting ranges* which, for 
high powered systems at least, is to be avoided. Costs also may mount 
up unreasonably if a large amount of filtering is employed. For these 
teasons. and considering the magoitvde of the irregularities which one 
speaker produces in the transmitting range of the other, it appears that 
few dividing networks should employ more attenuation than about 
18 db per octave. 

In a tWO'way system, the frequency where both sets of speakers 
receive equal amounts of energy is called the cross'over point. In other 
weeds, the cros^'over point is the point of separation between the two 
bands of frequencies. In developing speaker systems a trial cross-over 
point is usually arbitrarily selected, keeping in miod the characteristics 
of the uppet- and lower-range speakers which are to be used, costs and 
other items, and later moved one way or the other if found unsatis¬ 
factory when the system is operated as a whole. 

A (WO-way dividing network consists of a low-pass filter and a 
high-pass filter designed to operate from a cooimon source at their input 
terminals. Two methods are in general use for conneedng the filters in 
series or in parallel ac their input terminals; namely. (1) the filter 
method discussed in Chapter XIX: and (2) the constant resistance 
method lakeu up later in this chapter. Each of these methods is capable 
of giving good results. The film method is the more commonly used— 
probably because it is better known—and is somewhat more flexible in 
design. 

I. SBRIBS-PAIUU.LEL FILTER-TYPE DIVIDING 

NETWORKS 

Chapter XIX has provided methods foe designing the first half'sec¬ 
tions of low-pass and high-pass filters for series and parallel operation. 
Referring to Figure 202. it is necessary for dividing network purposes to 
determine the number of filter sections required for the block schematic 
portions of the networks. 

As already mentioned, the number of these sections depends upon 
the rate of attenuation desired in the suppressed frequency ranges, 
or is other words, bow much frequency overlap of the low-frequency 
range and the high-frequency range is to be permitted. Where it is 
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desired to secure an actenvacion rate ol change of about 18 db per octaTC, 
one filter aectjoa for each of the block schematics of Figure 202 ia sufii* 
dent, and where a rate of change of about 12 db per Octave is satisf ac< 
tory, half-sections will suffice. 


nwt«i lype 


Mi '9pe 
Ofyhiinj Netwee* 


Cl n«euer'9 


n'*4u«n<y 


bmriei 


farids 


benrtct 


facads 


hcsrici 


farads 


heorics 


finds 


brarifti 


Figdre 203 ^DiTidins network desigoe* 

Figure 203 shows four dividing network circuits, two of which are 
parallel types and the other two. series types. Network (a) U secured by 
the use of basic-type T sections for the schematic portions of the parallel 
type circuit of Figure 202, a low-pass section being used for the low-f re- 
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quency side and a high*pa« section for the upper-frequency side. Net¬ 
work (b) is obtained by the use of *r type low-pass and high-pass 
sections with the series type circuit df Figure 202. Networks (c) and 
(d) are secured in the same manner, except that L-type low-pass and 
high-pass hirer sections are used. The formulae given in Figure 203 
provide means of computing the electrical constants of the networks for 
any value of Rf, and fg. 

In Figure 204 the values of the electrical constants foe the elements 
of the different networks of Figure 203 have been tabulated for a cut-off 
frequency of fe c.p.s.. and a value of equal to 10 ohms. For other 



values of R., the values of the coil inductances increase directly with in¬ 
crease in the value of Rt,. and capacitances decrease with increase In the 
value of R^. 

For computing these data the value of m was taken as 0.6 as this 
value was shown in Chapter XIX to be the best for the series and 
parallel operation of hirers. 

2. ATTENUATION AND PHASE CHARACTERISTICS 
The attenuation characteristics for the different dividing networks 
of Figure 203 when operating between resistances of R« ohms are shown 
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m Figuis 205. In preparing the curves it was assumed that the coils and 
condensers were non-resiscive. In practice* where the component elec¬ 
trical elements contain some resistance, the curves will be slightly 
different, especially in the cross-over region. This* in some cases, has 
the effect of sbifcing the ccosS'OVer point slightly away from the theorec* 
ical cut'Off point. 

The amount of attenuation which the networks exhibit in their 
passing bands U especially important for high powered sound systems. 
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FigoN 20^-d — Aireauatian chatjctrri^ics of oecworka (c) and (d).Figor< 203. 


For instance, in a 100'watt system one db loss in the dividing network 
means about 25 watts loss of 5 >ower. This* it is easy to realize, is an 
important loss, because the final power amplifiers must supply this 
a meant of power in addition to that needed to produce the desired 
sound energy. Where care is taken to make use of low resistance coils 
for the dividing network, this loss can be reduced to about 0.5 db. In 
arriving at the most desirable relative location fc»r the high-range and 
loW'range speakers to achieve this effect, it is useful to have available the 
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phase shift of the dividing networks at the crOM-ovet points. These 
phase shifts are noted in Figure 205. 

3. IB«>EDANCE CHARACTERISTICS 

Tbs inpcdanees obtained at the input terminals of the dividing 
networks of Figure 203 vary, of course, from network to network. In 
general, the impedances of any of the corresponding series and parallel 
types are i averse to each other. This follows from the ma n ner in which 
the series-type networks were derived from the parallel-type networks. 
In order to obtain image imp>edance characteristics at the input terminals 
of the networks, it would be necessary to use image impedance matching 
loads at the output terminals as shown in Figure 200. In practice, where 
the speakers are arranged in series-parallel combinations to give load 
resistances as closely as possibly to ohms at the high- and low-range 
output terminals, the input impedances will not adhere strictly to image 
impedance characteristics. However, for networks (a) and (b) which 
contain a fair amount of masking because of the intervening filter sec¬ 
tions, this change should not be great in the filter passing bands. 

In connection with networks (c) and (d) which provide a lesser 
amount of masking, it is instructive to view the input impedances ob¬ 
tained for various values of '’m” and for speaker load resistances of 
ohms. Figures 206-A and 206-B give the resistive componeac and the 
reactive component, respectively, of Che Input impedance for network 
(d) of Figure 203. It is observed that some improvement in the send- 
ing-end impedance might be obtained by using m = 0.43 instead of 
m = 0.6. The change in attenuation curve which a design of this na¬ 
ture produces, however, is very small and for this reason design data for 
such a network were not iocladed in Figure 204. 

For the designs of Figure 203, some have mid-series images im¬ 
pedance characteristics ar the sets of output terminals and others are mid- 
shunt terminated.' A feature of the mid-series termination is that the 
image impedance in the passing band is a resisunce of ohms at fre¬ 
quencies remote from the cut-off, and gradually reduces, theoretically, to 
aero ohms at the cut-off. The mid-shunt termination, on the other 
band. Is Ao ohms at points remote from the cut-off and gradually in¬ 
creases to infinity ohms at the cut-off. That is, these two image im¬ 
pedance characteristics are inverse to each other. Now it so happens that 
low-frequency dynamic speakers have a mechanical anti-resonance point 
at frequencies of 100 c.p.s. or lower. This results in the low-frequency 
speakers having a rebcively high input impedance at the lower fre¬ 
quencies which gradually reduces to the nominal impedances as the fre¬ 
quency iocreaaes. Hence in some cases more uniform overall attenuation 
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resoles have been secured in eocoeccioa with IoW'frequenc7 dynamic 
^takers by usm^ dividing networks bavieg internal mid-secies image 
impedaiices at the low-frequency horn tecfflicals. Por instance, network 
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(d) of FiguK 203 in actsal operation gave better r»a]u chan network 
(c) because of belter impedance matching conditions for the low-fre- 
queocy orjcs. 

4. CONSTANT RESISTANCE DIVIDING NETWORKS 
A constant resistance dividing network is one whose resistance 
at the input terminals is constant with change of frequency for the 
proper resistive loads connected to the two pairs of ontput cermi* 
nals. The circuits of Figure 207 may be used as a basis for the design of 
such networks. Referring to this figure, Zi and Z$ in all of the circuits 
arc specified as being inverse to each other with respect Co the re¬ 
sistance Rt. chat is Zi Z) = 

For Grcuit A, Figure 207, the impedance presented at the 1-2 
terminals is 

7 _ Re Zi , Ko Zg 


Zu_R,[^^2, + R„ + Z,] 

Zit S3 Rq ohms 

For Circuit B. Figure 207, we have in a similar manner 




\/7 


\^J 


*J 2 — y 


2 , 




• Zl • Z« 


(I71) 


Zi,r= 




Rt 




= Aa ohms 


(172) 


From these equations we (earn chat the impedances looking into the 
1*2 terminals of the Circuits A and B of Figure 207 ace resistances of 
Ro obma. Another pair of circuits also presenting constant resistance 
impedances at their terminals may be obtained by caking the inverse of 
Circuits A and B, of Figure 207, with respect to A«. Doing this we 
secure C of Figure 207 as the inverse of Ciicmt A. and Circuit D as the 
inverse of Circuit B. 


Now let Zi, the reactive impedance, be an inductance of Lo henries 
having a nufflerscal value of A« ohms at some frequency /«. In a similar 
manner let tbe Z 9 circuit be the corresponding inverse capacitance Co of 
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such i value that Zi is also numerically equal to Rt, at the frequency 
We have 

Z, = i2»/'Lo = jR,^ {175) 

I ^0 _ 1 

We may also write 

VrZi = /2r/^ (VlU) = /2»fL»whereL, = V2U (176) 


= — j ^ ^ — /* ■ \ ,K “ where Cj = \/T Co 

\n '2*MVICo) ^2rfCi ^ 

(177) 


V7Za = “/ 


I .1 ..... ^ Co 


2*f 


a)"''' 


2:r^a 


where C* 




(178) 

Using these element values fox the Zi and Zs impedances of Figure 
207« and rearranging the circuits somewhat, we obtain the circuits of 
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Circuit A, Figure 209, show« the dividing network of Circuit A, 
Figure 208, working between resUtance$ of J?o ohms at all pairs of 
terminals. The currents h and h delivered hj the source of supply to 
the low-frequency units and to the high-frequency units, respectively, 
are as follows; 


I 

7 — ^ . _ £ ] aLn 

^ _I_ ‘‘~2R^ R, + i-U 

® /•Co 

By means of equations (173) and (174) these can be written 


(179) 
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2 FU 


B 



/i = 


2 A. 




fZ£ 


(180) 


/« = 


iRoji 


1 


2 /^O n , • f 


R© +/Ao y 


2 Ao , . /. 

i—J f 



+ 90" 


( 181 ) 


Since we are not interested in the angle 0 . we will not determine its 
value here. 

The current /o delivered to either the low or the high units, when 
separately connected to the source of supply without the use of the net¬ 
work, is 



Then the insertion loss equations for the low-feequency side and 
for the high-frequency side of the network of Circuit A, Figure 209, are 
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obumed from the current ratios 
have 



respectively, We 


[ftserdofl lo«$ for 
low'lrequeocy filtrr of 
Circwt A. Figure 209. 



(182) 


Insenioo lo« foe 
blgb-freqoeocy filttrof 
Cmuir A. Fig are 209. 



{183) 


lo the same manner the insertion loss equation for the network of 
Circuit B, Figure 208, can be obtained. Circuit B, Figure 209, shows 
this network connected between resistances of Rq ohms at all pairs of 
terminals. The currents I\ and /a'are obtained as follows: 



(184) 
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The current /j U 






2R^ r. . ■ , . I 


i?o + / • + 


/■Cl 




2R 




TT7Z±±^ 


(1S5) 


The insertion lose equations for the low-frequency side and the 
high-frequency side of the network of Circuit B, Figure 20$, are de¬ 
termined from the ratios This gives 


IflMrtieii l«u for 
iow>freqit<B<r channel 
of Greuii B. Figure 20^ 

o 


InscrrioB lo&a for 
high’freqaracy channel 
of Circuit B. Figure 209. 


= 20 log + 

(186) 

= 101og[l + (^)‘] 


=20 log vi+^-^y 

= 10Ic*[l + (^)’] 


(187) 


The above insertion loss formulae, as derived, apply to networks 
A and B of Figure 20$. Because of the Inverse relationship existing 
between networks A and C and also between networks B and D it can 
be shown that equations (1$2) and (1$3) apply to ciremt C as well 
as to A and equations (186) and (1$7) apply to cirtntii D as well as 
toB. 


Figure.210 is a graph of the insertion losses for the networks of 


Figure 20$ plotted against the ratio 



It is noted that the cross¬ 


over point occurs at the frequency f = /« where the insertion loss Is 3 db 
and hence the frequency is the cross-over frequency of the networks. 
The insertion loss characteristics of curves A of Figure 210 apply to the 
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Q«cwcik$ A and C. Fifoce 208. The msetcion loa change pee octave 
t$ aeen to be relatively small and for this reason these networks are 
seldom used in practice. The insertion loss cbaraccerisdcs of Curves B, 
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Figure 210, apply to the networks B and D, Figure 208. These cbarac* 
teristics are not quite as good as chose of Figure 205'B which apply 
to the filter-type dividing networks (c) and (d) of Figure 203. 
ComparUon of the two characteristics shows that the filter-type net¬ 
works are slightly better both in the transmission and in the attenua¬ 
tion ranges. For some purposes it night be construed that the constant 
resistance feature of the networks C and D. Figure 208. might be an 
advaDtag:e. hot the value of this is doubtful when one remembers that 
the connecting speaker loads may depart considerably from the ideal 
loads. From a mauofacturing standpoint it is simpler to coostmet the 
constant resisunce networks than Che corresponding filter-type net¬ 
works because of tbe fact chat the inductance coils are alike as are the 
condensers. 

Refeiriog to equations (180) and (J81) applying to networks 
A and C of Figure 208. it is seen that the currents U and /« are 90 
degrees oui-of-phase with each other for any frequency. Also, 
eqnacions (184) and (185) indicate that the phase relation for 
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networks B sad D of Figure 208 is 180 decrees for any frequency. 
These data ace given in Figure 210 for reference purposes in phasing 
the loud-epeaker units. 

5. CONSTRUCTIONAL FEATURES 

The methods employed for assembling and wiring a dividing net¬ 
work may vary considerably depending upon system requirements. In 
regard to tbe filter coib, as already mentioned, it is desirable ro give con¬ 
siderable thoQghC to their type and to cbeir effective resistance. Where 
iron or some form of steel is used for the coil cores, modulation results 
if the coils are overloaded. Also, if the effective cesbcance is unduly large, 
excessive loss in the filter bands will be obtained. It has been found that 
large size air core coils solve cbe problem about a:s effectively as any other 
method. 



Chapter XXI 
VACUUM TUBES 

By FR.B£> ALStN 

I. TWO-ELEMENT VACUUM TUBE 

Tlirie are numerous types of vacuum tubes available for a great 
number of diverse purposes. 

The more common type, and the one usually used in amplifiers, 
is tbe bot cathode high*vacuum cube. As explained in Chapter 
XXXVllI. this cube depends for its operation upon the flow of electrons 
in the evacuated space between Che cathode and the anode. This flow of 
electrons constitutes an electric current 

The electrons are negative particles of eleccrldcy. boiled from 
the interior of, and evaporated fcom the surface of the metal com- 
prising the cathode—this taking place as a result of cbe high temperature 
of the metal. The rate at which the electrons ace emitted from tbe 
surface is a function of the temperanre and depends upon the material 
comprising the cathode. The expression for the emission rate in 
amperes pec square centimeter of radiating surface is known as Richard* 
son's equation: 

(188) 

where It = radiation corrent in amperes per sq. cm. 

A = a constant of the emitting surface 
B = another constant involving cbe work function (in volts) 
for the cathode material. 

T = cemperatuce 

The materials used for cathodes are; Pure tungsten metal, tungsten 
impregnated with thorium, and tungsten coated with barium and 
strontium oxides. Prom tbe standpoint of efficiency of cbe cathode 
(measutcd in terms of milliamperes of emitted current per watt of 
cathode beating energy), the pure tungsten is tbe least efficient, and is 
used only in rectifier and amplifier tubes with high anode voltages. Im¬ 
pregnating the tungsten with thorium greatly increases tbe efficiency of 
tbe cathode, enabling it to emit a sufficient quantity of electrons at a 
lower tcmperaruce, thus reducing the loss of eoergy by hear radiation 
and prolonging the life period of cbe rube. A achode of barium and 
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strontium oxide mixture is tbe most eScient, snd is usually used for 
small tubes. The efiiciency of oxide'coated cathodes over pure tungsten 
is about 35 to 1. 

Cathodes may coosUt of either a wire through which the heating 
current is passed, or a metallic sleeve surrounding, bur electrically in* 
sulated from, the heating element. Tbe lacier design is used when the 
heating current is to be alternating. 

As the negative electrons leave the cathode, the remaining cbarg>i 
is positive, and the wandering electrons eventually return to the atcrac 
lively charged cathode unless there is an anode in the vicinity. If there 
is an anode within the evacuated enclosure, which is connected electri¬ 
cally CO the cathode through an external circuit, the current flows 
through this connection to the cathode aod neutralizes the charge. For 
proper operation of the vacuum tube as an amplifier or rectifier, the 
cathode must emit a copious supply of electrons. The rate at which they 
flow to the cathode is determined by the electric field strength in the 



^ lif htf9£r9. t9lf. 

»t ih* 7^M.a<KCrodr VMtfV rv^*." H. A. 

Figure 211 — Place eornnt-plare volrage cbanccetlsciei of a 
cwo'demeai vacuum cube. 

vicinity of the cathode. The field is produced by the charge in the anc»d< 
(determined by the potential applied externally and usually known as 
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the pUtt potfcflOal). aad the space diarges produced by the peesmte 
of negatm electrons in ibe space. The relation bet ween plate ctiireot aad 
voltage is 

h = U89) 

where If place cnrrent 
= pbu voltage 

and K — a oossQ&t (witfain certain Ufl^) depending npon the 

size and jEt^ordocs of the taht. 

Figure 211 is a p3ot of (be xelarion ^ven in equation (1S9). 

T) and Ts repcesent carves wiib the cathode at ncnnal and rednced 
tcmpRamres, le^Tecnvtly. Tbe cntrent foe any rolGges below 2/ is 
normal and not affected by souli changes of uapeiatnee. Howertr. 
age has an ^cct siinilar to that cf eedoc^a of temperyare, and 
cemperaim* Taeiabon tokanct h dvicby conssnaed. Tbe test for an 
expired tabe, iheeefoce. b a nednctiOQ of a caihode temperatare by a 
redoc^inof cnoentae^Odnlysnat 10%. A oansiderable ledoccioa 
of nuiat with voltage iadkates an eajwed tnbe. 

A vacniun tube whidi contains only a oihodc and a |date (anode) 
is known as a ’Dioik.** anH Is naed as a recdfiet. Conndedng current 
dow fmei oeg^tbe to positive (wfakh b opponie to the Dsu^ coa- 
ventioA. bsc aore Icgcd in discnsan os of vacnnin tubes—see Footnote. 
Page 445). die camnt can only Sow from Qtbode to plate, and the 
tube b therefore a nscri&eo It lades dx fidelity of an tdeai as 

the (tmentisa (3/2) powttfajxtka of tbe applied volta^ lai^ove- 
meot is Gnor mponw. iS dedwd, b osnally aaomplbbed by adding 
series itsigancfc This ■>**^*» ihe rofti reastaace of the dtentt large 
conqBred to die variataonal waWannr of the diode, thus caJndsg die 
distonioiL 

2. TRIOra AMPUPfER TUBE 

Wcdi dee adrfirkat of a diird dectrode the nhc h called a 'Triou. 
(see Rgnce 555). and fonns the amplest am|difis tube. Tlx dnrd 
electrode is a grid, naially mmposed a epical wire wound aronnd tbe 
cathode in tlx ^lace between dx iratlvMU and the plate, bnc ekctrkally 
Insnlatcd from both. The relative poddoiu of the three rifffrodys. to- 
geebet with the xdatiw spndng berwees dx turns ctf dx s^nraL have a 
dlrca efftfz apod dx waltage aaplificatioa factor of the robe. 

Bath dx gnd and pto tt arc rfiect i vc in pcodoong a fie ld potaui.^ 
aroQiul dx cadaode. wish affects the enrrent flow. Tbe effect by tbe 

grid isivaiKr chan due of Che plate by dx quantiry ^ dx V4^t^e amp] U 



VACUUM TUBES 


345 


ficacion factor. With a poteodal Eg on the grid, the plate current Is 
given by the following expression: 

Ig. = K + (190) 
Although K and the exponent (3/2) are given aa constants, the varia* 
tiod is small in the operating region of plate current, but large when 
the plate current approaches either zero or the saturation region. 



Jpvfatl ^ («* ffSS. '•Simfi* 

t! IS* Vtmm 7^.” ff. A. 

Pi{Qre 212 — Place currenc*gri4 voltage cbancremeua of a 
triodc Taeouei nibr. 


Figure 212 U a family of curves obtained by plotting equation 
(190), with varioDSTalnes of and Eg. If the coostaois did not vary 
as mentioned, the curves would have exactly the same shape. 


3. VOLTAGE AMPLIFICATION FACTOR 

The relative effectiveness of the grid and plate voltages in chang¬ 
ing the plate current is the voltage amplification factor ^ The expres* 
sion for ft in terms of changes of grid and plate voltage 1$: 


>» = — 




(191) 


Reference to the.point P on the 150 volt curve of Figure 212, gives the 
plate current as 5 ciilliamperes, and the grid bias as minus 9 volts. A 
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decrease of place voltage to 120 volts offsets the plate corteac change 
due to a change of grid bias to minus 6 volts. The ^ of the tube is then 


_ 150-120 

'■--{-9)-(-6) 


= -^=■0 


An important constant of a tube is the dynamic place resistance or 
plate impedance, which differs from the stack value of plate resistance 
(the simple ratio of plate voltage and current). 

Fignre 213 is a plot of plate corrent versus plate voltage with various 
values of grid voltages held constant, The point P corresponds to the 



FisuK 213 — Plate cumac-pjait Toltagt ebatactmscies of a mode, 

operating point P of Figure 215, representing the same values of plate 
corrent and voltage and grid voltage. 

If the plate voltage is caused to vary by an amount A between 
the two points a and b. the operating point moves along the carve from 





VACUUM TUBES 347 

0 to c and tb< rasulting place current change, A /p. is mdicaced by the 

dUcance b toe. 

The ratio of A to & /p U the plate impedance Ry. 

= (192) 

that \s. the plate impedance at any point P is the reciprocal of the slope 
of the curve of plate current versus plate voltage at that point. At P. 
Figure 213. 

” 1.25 X 

The “figure of merit” of an amplifier tube U the mutual conduct* 
ance, which is a measure of the cate of change of place current with varia* 
tioos of grid voltage. Referring again to Figure 212. a change of e, E, 
grid volts, which is indicated by t^ distance P to S, results in a change 
in plate current 4 If from S to Q. 

The mutual conductance ia then 

= (-9.125^-(-6) ‘ “ " 

The three parameters n, Rf, add 5fi. are related 

5. = ^ = G. (19J) 

The mutual conductance value is about the same for all tubes of 
the same size, so that tubes of high also have h^h plate impedance. 

An an amplifier, the vacuum tube must have a load impedance 
across which a drop in potential results from the fidw of plate current. 
The net plate voltage is the difference between the constant supply 
voltage and the output signal voltage. 

Figure 22 4 is a lepetirion of Figure 212 with dynamic cbatacteciscics 
indicated foe three values of non'teactive load impedance, fi.COO ohms. 
15,000 ohms and 30,000 ohms. These curves are numbered 1. 2 and 
3. respectively. 

The load line may be defined as rb^’locus of points determining 
the plate current of the rube as the grid potential varies, with a given 
load resistance in the plate circuit. The slope of the load line is the 
“Dynamic Mutual Conductance." It may be determined in terms of 
other consra^of the circuit by the use of (be small triangles PP'b and 
PP*6 in Figu^ 14. Point P represents a plate potential =: 150 volts 
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wicb grid potential minus 9 volts, and plate correoc 1 ^ = 5 milUam 
peres. The load resistance is =: 15.000 ohms; the load voltage. 

£i.=s/>i^= 0-005 X 15.000 s 75 volts 

The plate supply potential, 

£, = £^ + £i = 150 + 75 = 225 volts 



load tmnittett ef 8.000. IS,000 aad 30.000 obou. 

If the grid potential is changed by A £f, ^ 4- 1.5 to £^ = . 7.5 
volts, and Ef remains at 150 volts. ^ plate corrent Increase would 
be A /> to P* at 7 mtlliaffiperes. according to the espresslon foe mutual 
conductance. 

A ;, = 5, (A B,) - ^ (A E,) (194) 

However, due to the increased plate cureenC through Pi. the plate 
voltage would be less than 150 volts by A E^, and the cuneut would be 
less than the valoe at P by A I,, and a new value will be located by Pg. 



VACUUM TUBES 


349 


Prom tbc definition of plate cesUtance, when Eg is constant, the redxic- 
tion of place current and voltage are related by 

= (195) 

The drop in plate voltage would be caused by the increased current 
through the load resiscer 

a£^= (196) 

where A //' is the net change of plate cairent at the reduced plate 

potential. From equations (195) and (196) 

= (197) 

Substicuciag the equivalents of a Ip and A I'p 

A/,''=4/,-AV=^A£,-^A7/' 

or 


The defioirion of mutual conductance being the rate of change of plate 
currem with variation of grid potential, the dynamic mutual conduct' 
acce of the tube with load is: 


5 .= 


aVV m 

A + Ri, 


(199) 


This is the equation for the straight line ePd which is tangent to the 
curve at P. The departure of the curve from this line represents db- 
torrion. or lack of linear relation between the input {£,) and the out' 
par (/^ approximately equal toEO- 

The difference between tbe straight line and the curve is negligible 
around point P, and at the higher values the ratio of departure Co the 
total magnitude is small, so that the percentage distortion is small. 
However, at tbe lower end of the curve, for current values below 2 
milliamperes, the absolute and relative values of distortion are large. 
For this reason, cbe low limit of the useful range should be established 
at about 2 milliamperes. The high limit is usually established ac the 
value where E, equals zero, at which point distortion is introduced as 
the grid current causes a drop (n grid potential. Tbe quiescent point for 
minimum distortion is set by adjusting the grid bias potential midway 
between the two limiting values. Tbe maximum undistorCed power 
is that output power which is tbe result of ac input wave with ampli' 
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tudc cquAl to the grid bias poiencials or to the difference between the 
quiescent point and eithec limiting value. 

Figure 214 illustrates the dynamic characteristic when the load is 
reactive (as are many loud'Speakers). It b obvious chat the amplitude 
of the grid input potential must be less than allowable with a non- 
reactive load in order not to exceed the limiting values. Thus, for 
maximum power to be obtained from an amplifier, the power factor of 
the load should be as close to unity as possible. 

4. MAXIMUM OUTPUT POWER 

The maximum transference of power is possible when the load 
impedance equals the plate impedance, in which case one-half of the 
power b dissipated in each impedance. It b assumed, of course, that 
the load impedance Is non-reactivc. When the input potential b the 
maximum allowable, tg (max ), the potential at the load terminals i$ 

= (max) (200) 

The power output is 



— warts instantaneous power 


Where Ai =s Rf, then Wo =-T^ e,* (oiax) peak watts. (201) 

4 Kp 

The average or root-mean*square values of the output will be much 
less, depending upon the form factor. For this reason, when an ampli* 
fier b used to amplify speech or music with complex wave forms, a large 
margin b allowed between the output level as indicated by an average 
power reading volume iodicacor and the rated capacity of the amplifier. 

5. SCREEN-GRID TUBES 

The addition of another electrode in the vacuum cube, in the form 
of a screen which completely surrounds the plate, has given tbb tube 
the name "Screen-grid tube.'* The screen*grid b usually operated at 
a positive potential about half the magnitude of the plate potential. 
I'he space current flow b a function of all three potentials. 

/, + /„ = K('B, + ^s + i£')’'’ 

\ W / 


(202) 
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where ;i4t factort determming the effeeiiTeness of E,g ind £p 
in controlling the electrostatic iield as compared with the effectiveness 
of Eg. By design, the plate is quite effectively shielded, and the space 
cuneac is to chat extent independent of Ef. Therefore, the expression 
for space carrent redoces to 



The family of curves in Figure 215 indicates the independence of the 
plate corrent with respect to the plate potential- Fottbertnore, with 
vaciation of If by some other variable (such as the resistance in the 



— Avtrage plate chancttciscics of i (cir«n-srid lobe 

(Scrern Tolrege = 100 volu). 


cirenit), varies in an opposite and approximately equal amount/ 
keeping tbe total space current almost constant. 

When, due to input potential to tbe grid, the plate potential is 
caused to vary to a value less than the scceen potential, secondary 
emission from the plate to the scceen causes an actual reversal of plate 
curzeat and results in tbe severe kink in the characteristic cueves as 
illusctaced in Figure 215. The region below the kink is unsuitable for 
amplifier purposes. The advantage of tbe screen-grid tnbe is much more 
pronounced in the amplification of radio frequencies, by virtue of tbe 
fact that the scceen riiield aroond the plate prevents coupling with the 
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grid with a consequent reduction of input impedsace. It is also a good 
aodio-frequeacy amplifier when used as a voltage amplifer. 

The determination of the constants n. and is practically 
identical to the method described for the triode. The screen potential 
is maintained coosunt when determining the constants involving the 
control grid and the plate. 

Again referring to Figure 215, load lines are indicated for various 
values of load impedance. The values of grid potential are in equal 
increments and should intercept equal increments of the length of the 
load lines in order to represent linear response. 

!t is apparent that load resistance greater than 20.000 ohms cannot 
be used without non-linearity where the grid potential lines converge 
at the kink. The screen-grid tube differs from tbe triode in that the 
load impedance is lower than tbe plate impedance. Tbe screen-grid 
tube cannot be used efficiently as a power amplifier because of the limited 
ondistorted output obtainable. 

Tbe addition of a cathode grid or suppressor grid between the screen 
grid and the plate prevents the flow of any secondary emission currents 



Figort 216 — Amaae plate charKferutics of a pentode tube mcb suppraor gnd. 


from plate to screen grid. Tbe suppressor grid is usually operated at 
cathode pocendal, although for special purposes it may be at some ocher 
pocenrial. In some amplifiers employing reverse feedback, tbe feedback 
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circuit actuates the suppressor grid aod provides control .equally as well 
as the coQtroi grid, but independent of iL 

Figure 216 illnatrates characteriscic curves of a pentode, using the 
suppressor grid. The improvement in overcoming the kink is obvious. 
Load lines indicate limitatioDS of load impedance, and the variation 
in lengths of increments of the load lines between equal grid potential 
values is again an indication of distortion. The determioation of > 1 . 
Rt> and S^t is the same as for the screen-grid tube. 

The pentode as a power amplifier has the advantage over the 
triode of a much greater amplification factor. The distortion is always 
high, and for that reason the pentode is decidedly inferior unless reverse 
feedback is used to reduce distortion. The high internal impedance 
makes it a poor driver for reactive loads, oc f 01 Qass B amplifiers, where 
good regulation is uecessary. 

A modification of the construction of the control grid is used to 
produce what is known as a variable-mu or remote cut-off tube. The 
modification consists of winding the grid in a spiral or cylindrical coil 
with variable spacing between turns. Omitting several turns in the 
grid also accomplishes the same results to some degree. While this type 
tube was originally intended for radio receiver use. it has found s 
valuable place in amplifiers where it is required to vary, the gain electri¬ 
cally. Figures 217, 21S and 219 illustrate respectively the effect upon 
the ^ Rp and Sw» of varying the control grid bias potential. Obviously, 
the amplitude of the input signal potential must be low as compared to 



—.CmIWv it4Mr«S Pradittif, lac. 

Fiaore 217 -^JUutTarioa abowisf the eifwi epofl tb* amplificaiioo factor of varialitini 
io conHol-gitd bias pvenlial of a TuUb1e*mo nipprcuor-srid pffttod* robe. 
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SUniitM RtMick AWmc*, Io< 


FigBR 21 S — Illasintioo sbowiag tbe iStct apoo ibe reslrruce of vartadans is 
control'frid potentUl ol a 9ar\able*Bia si3ppreuor*{rid ptacoda tube. 





JVKfTKtf AMwra prWne*, h*. 

Pigan 219 Qliutndoa lowing tbc iStu opon (be motaal aondactaoce ol* 
Tariatiooa la tbe coeirol-grid poteuial of a variabU*aa 
a^ pma ct»ffid pentode tabc. 

the grid bias: First, to avoid dastordon due to tbe non-linear response 
carve; and second, to aUow a control of gain. Generally, two tubes 
are osed in a ptub-pnll dreuir. Tbe inpat disturbance caoeed by grid 
bias potential conQrol is cancelled by the opposing phase relations 
of tbe two tubas. Fartbenoore. even harmonic distortion is cancelled. 
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The load Impedance is generally a pure resistance of low value as com* 
pared with the lube Impedance, and (be variation of plate impedance 
causes no variation other than gala, which variation is desired. 

6. MISCELLANEOUS TUBBS 

A tetrode cr pentode tabe may be connected to serve as a space-charge 
grid cube. The grid nearest the cathode is the space charge grid, so 
named because the positive potential neutralizes the 6eld due to the 
density of electrons in the space. Between this grid and (he next, which 
is the conttol grid with negative potential, the field charge becomes 
zero, and a virtual cathode is thus formed. The virtual cathode is rel¬ 
atively close to the cathode, resulting in a tube with a large amplifica¬ 
tion factor. The plate impedance Is also comparatively low so chat 
the voltage amplification may be quite large. The chief fault of such 
a tube is the large current required by the space-charge grid which 
absorbs a large portion of the total emission, limiting the current for 
useful output power. 


(a) Beam Power Tube 

A modification in tbe physical design of a screen-grid cube has 



resulted in a tube for power amplification known as a “Beam Power 

Tube." The screen-grid wires ace in line with wires of the control 

grid. A set of baffle plates on two sides of tbe cathode and grid assembly 

fa> Potential tfisfrrbuftvfi 
in «e»^en'f)l4te spaced 
voHmjs plofe 

E., L L <e) C«nstrwetiena1 orraneeimfl vfbaamtuM 


Serten . 

C^iffer«nc« ineSarw 
teristic& bscfneirtci 
pentode tubes 

I ^'8eom lub^ 


Ptnfo«f4 




'-•ftva "AWr* Sg fnitrltk S. Thumb Sock C^i, 


Figon 220 ^ Conjirwrioful dKsilj of a beam tube wicb 
co&pantiTe ebanereristiee. 


is electrically connected to tbe cathode, and into the plate converges the 
field of electrons, which would otherwise stray. (Figure 220 illustrates 
the construction) - 

The screen-grid current is lower than that of ordinary power 
pentodes by virtue of being in the shadow case by the control grid. Any 
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tendency for secondary emission is lepdled by the very force of th? 
concenirated primary electrons, and a suppressor grid is not needed. 

The results and cbacacteristics are similar to the common power 
pentode except for the efficiency, which is higher. 

(b) Electron MnlcipUet Tnbe 

The electroo maltiplier tube is a vacuum cube employing the 
secondary emission of electrons as the method of amplification. Figure 
221 illustrates a schematic pbn of tbe tube coastrnctlon. 

The source of primary electrons may be a hoc cathode, but osnally 
is a pboco*acKve surface illuminated by a light source which is the 
source of energy it Is desired ro amplify. The primary electrons are 
attracted to the next electrode by tbe positive poceniial. This second 



Figere 221 — CoaiCcBCtioaaJ drailj pt ooe irp« of electroo moldplier lobe. 

electrode is coated with a pbotc>-acdve surface such as caesium oxide, 
and while It acts as an anode for tbe first electrode, it emits secondary 
electrons in multiplied quantities to the third electrode. This process 
is repeated for six or more stages, making possible voltage amplification 
is the order of one million. 

The advantages over ordinary tubes are: First, effectively six stages 
of amplification are accomplished with extreme efficiency all within 
the one envelope: second, input impedance is extremely high; and third, 
the frequency range possible far suipasses the ordinary array of cas> 
caded tubes. For televidoc reception, amplification of minute energy 
at high frequency is made possible by such a rube. 

It is necessary to supply a relatively high potential to tbe electrodes. 
Tbe polariry of each electrode is positive with respect to the one pre* 
ceding it. which requires a coral voltage equal to the sum of voltages 
required for each stage. However, no cathode power is required. The 
noise level is low as the Schott effect is avoided. 



Chapter XXtl 

AMPLIFIER CIRCUITS 

BV nt&D ALBIN 

As explai&ed ia Chapter XXXiX the amplifpof property 
of a vacQam tnbe depends upon tbe conrro! by the grid (whkb is 
actuated by lebtivcly email voltages) of relatively large amounts of 
power £omng in tbe anode circuit of the tube. The tnerfaod of 
clasafying and coupling ampMers is also explained, and it js the 
pnepose of this ^lapter to explain these coapiings and tbeii effects in 
greater detail as well as tbeii application to the pentode rube in addi- 
eioQ to tbe triode tube. 

1. EQUIVALENT CIRCUIT OF AN Amplifier 

When calculating the coosunts or gain of an amplifier ic is not 
necessary to include the unidirectional voltages and currents present 
in tbe ciicnit due to tbe various battfties necessary to maintain tbe coc* 
rect tobe-element potentials. The actual canenis and voltages existing 
in d)e various circuits during operation of tbe amplifier are those which 
are doe to ^aliematlng-current components (theresult of the altanat' 
ing ngnal input), plus the currents and voltages existing in the ampU- 
fier at tbe *’no-signal” input—provided tbe plate resistance and the 
amplification factor are constant over tbe variations caused by the 
^gnals con^ered. 

Analysis of tbe performance of an amplifier ts usually accomplished 
by seidng up tbe so* called equivalent circuit of tbe amplifier. This 
equivalent circuit gfives almost exact results as the place resistance and 
amplificadoQ factor of tbe tubes are practically constant. However, 
for large values of signal voltage the ^rror involved becomes appreciable 
and the equivalent circuit must be modified. 

Tbe basic circuits of triode and pentode tubes acting as amplifiers 
are shown in Figures 222-A and 222-B. where is the load imped' 
ance; that is. the impedance into which tbe tube delivers energy. 

Figure 223-A gives the equivalent circuit of Figure 222'A. This 
equivalent dreuie considers that the vacuum tube is a generator of cou' 
scant Tolage equal to the actual signal voltage («j) impressed, multi' 
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plied by the amplification factor^. Tbe resistance between tbe filament 



Figpre 2 p - A -- Buie Figqre 2 2 2-3 — B»si< 

Inode Ccrcuit. peeioJe credit. 


and plate U given as an external resistance, Rp, and may be considered as 
the internal resistance of the generator , 



Plgare 223*A — Eqaivj. Figore 22J-B — E^wiva. 
J«ftt «ircok ©r Fi|or« lent <jf<git of Fiaofe 
222-A. 2n.B. 


From Fignre 223-A, and from a consideration of the information 
and equations given on Pages 512 and 513, itcanbeseen that tbe ampli¬ 
fication per stage is given by the ratio ea/e,; that is, tbe ratio of the out¬ 
put to the input signal voltages in terms of the tube and circuit 
constants: 

sa Z» 

( 204 ) 

This equation is used in the calculation of all amplifier circuits, but it 
must be wmembered that tbe impedance Ztis the total load into which 
the lube is working, while the output voltage, e©. is tbe voJugc delivered 
to the grid of the next stage of the amplifier or to the sound reproduc¬ 
ing equipment, or to any receiving circuit. 

Figure 22 3-B gives the "constant current" form of equivalent 
circuit which is more applicable to pentode rube circuits. This circuit 
considers that a current of constant value equal to 

' = (205) 

K deliwped to the load impedance. Thb equation foUows from Figure 
223-B and tbe formulae given in Chapter XXXIX. These will be 
reviewed at rhis time to make this more cleat. 

From Chapter XXXIX: 




( 206 ) 
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Multiplying cbt ligbc side of equation (206) by 


rV = -^ e» •K* 
H, K, 


A. 


m 


<p + Zi, 

Multiplying equation (207) by Zt gives 

R.Zl 


i, Zt =s ss e, Ge 


gives 


(207) 


(208) 


Rf-hZv 

This equation will reduce down to the same form as (204) and is 
equivalent to a generator supplying a current equal to (G«f() flowing 
from the source through an impedance formed by the plate resistance 
and the load impedance in parallel. Equation (205) is given in this 
form as it is a more applicable tool for pentode circuits. 

The reason for the various types of coupling fot amplifiers is ex¬ 
plained in Chapter XXXIX and the fundamental information and cir¬ 
cuits given in this reference material should be reviewed before reading 
the rest of this chapter. 

2. THEVENIM'S THEOREM 

Tbevenim's Theorem states that any linear neru'orfc (cUcuk con¬ 
stants independent of i>oliaye and current), containing one or more 
sources of ooltage and haoing tu >0 terminaU, may be replaced at these 
two terminaU by an equivalent generator E having an internal im¬ 
pedance Zi3, where E is the mternaf voltage of. and Zi* is the impedance 
across the two terminaU of, the original network, with 2is rnetjsufed 
when ail sources of voltage in the network are short-circuited. Con¬ 
sider Figure 224. By applying this theorem to Figure 224-A. the im¬ 
pedance Z\i. with the generator {/le,) short circuited, is 

7,,_ _ riOP'J 

We then have the circuit of Figure 224-B with Za as shown and the 
generator voltage as yet unknown. By making the equivalent circuit 
generator voltage equal to (e,G«»Zis) the same current will be de¬ 
livered to Zi. as in the actual circuit where the generator voltage is in e,) 
and the generator resistance is Rse. This theorem U given at thU time 




4— 


-t* 





Figure 224-A —EqaiTalest 
amplifitt ciredit. 


Figure 224-B —E^uiva. 
lent circgjt of amplifier 
afetc eppiriag 'nxnnim'i 
Theereffl. 


as its use facilitates the calculation of the equivalent circuits of amplifier 
circuits just as it simplifies many network problems. 
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3. DIRECT.RESISTANCfi COUPLING 

The simplest form of amplilUf coupliag is sccomplished by the 
use of a resistance. Amplifiers employing this coupling ate com¬ 
monly termed diTect-currcnt amplifiers. Such a coupling, using neither 
inductance not capacitance, introduces no reactance into the circuit and 
is used where it is necessary to amplify extremely low frequencies. It 
is not strictly a direct-current arnplifier but is so-called because the 
periodic change in voltage is of such a low frequency that it approaches 
a direct current which has a frequency of zero. If series reactance were 
introduced In the circuit at these low frequencies it would seriously 
affect the amplification. 

Figures 225-A and 225-B illustrate typical direct-resistance coupled 
amplifiers using triode and pentode tubes. Figure 225-C gives the 
eqdivaleot circuit. 

The amplification in the low* and middle-frequency range is given 
by the equation 

M D (low-and middle-frequency range) (210) 

which follows directly from equation (204) where Zl~ Re. as the 
shunting impedance of the capacities of the tube and wiring com* 
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pared co the shunting renounce R^. is piactically an open circuit and 
may be neglected. In well designed ampIi£eF8 this assumption intro* 
duces an ecior of less than one pet cent. 

Prom eqdation (210) it is evident chat the amplideation at the low 
and middle frequencies. Is independent of frequency; that is. all the 
terms In the formula are constants, provided the plate resistance and 
the amplUcatioQ factor remain constant over the varutlons In signal 
considered. The ampli£cation is maximum throughout this range. 

In the hlgh'frequency range; the shunting effects of the capacities 
of the tube and stray wiring become appreciable and must be con* 
sidered. From Figure 225-C and Thevenirti's Theorem, the high* 
frequency amplificatloii is 


So _ Re Rt 

t, Rf Re Rf 


where 

This reduces to 




(high*frequency range) 

( 211 ) 


X,= 


1 


^ = G..R„ 


IrfC, 

1 




where 

and 


G, = -f 

Re+R, 


( 212 ) 


Dividing equation (212) by equation (210) gives the ratio of the 
amplification at high frequencies to the maximum amplification; chat 
is, the amplification at the low and middle frequencies. This results In 
a ratio 


Amplificatioa at high frequencies 
Maximum amplification 




(213) 


wbieb shows that the extent co which the amplificacion falls off at the 
high fcequsncles is determined by the ratio of the equivalent resiatance 
of the circuit to the capacitance of the circuit. Plotting equations 
(210) and (213) with the relative amplificacion on the vertical scale 

Rh 

quency characteristic curve as shown In Figure 226 where the frequency 


^ on the horizontal scale, gives a general gai&'fre* 


and the ratio 


JO of ^ 
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. at which tbc capacity of the citciut bcpns to cake effect, depend* 
upon the capacity of the tube and cbe anangemenc and wiring of th 
circuit, and where the slope of the curve beyond the frequency f, d 


pends U3>on the ratio 



It will be noted that the cut-off of this curve is gradual and so 
may be considered as shown in the figure, although theoretically it 
would actually fall at a slightly lowe: point in the frequency scale. 
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FlgortgZS — Gaio-frcQQcscr cfatracoruCk (relinw aR^li£carioB-fRqacBe7) 
eorre ol a dtr«c(*mistaoe< MSpltd aapli£«r. 


From focmxila (210) and Figure 22$. it is evident that the amplifi¬ 
cation U constant from zero frequency to that frequency at which the 
capacity of the drcuit becomes appreciable and it is this face that leads 
to the use of direct-resistance coupled amplifiers. Their most common 
nse is lo noise reduction, photo-electric cell densitometer, and volume 
indicator drcuiia. The principal objection to such amplifiers is that 
they require a greater battery voltage than any other type of 
coupling. Abo. a drift in impedance of any one of the tubes in the 
amplifier will diange the output of cbe last stage. 

4. RESISTANCS-CONDBNSBR COUPLING 

The next step in coupling b to insert a condenser between the grid 
of two adjacent rubes is the amplifier circuit, as well as a grid leak 
tesbcance in parallel with the coupling resistance, the purposes of which 
arc to provide a coupler Co deliver a voltage to the next tube and at the 
same dme to prevent the "B" battery voltage of one cube from being 
as^lied to the grid of the succeeding rube. Such a coupling is shown in 
PigUR 361 with equivalent ciicuits given in Figure 362. 







AHPUFIBR CIRCUITS 


3(3 


The actuU and equWaUnt pentode circiiu are given in Figures 227. 



ainol\6(T witb ptntode tnbt. 



FigBte 227*B — E<;oiVAleo( citcstc 
of Pigvte 2 27'A. 


In the middle range of frequencies (equivalent circuit Figure 
362-D). the effect of the stray capacities and the series condenser are 
negligible and the amp]i£cation is given as 


Is. 

e. 


Rl 

‘‘Ri + R. 


(middle'freqoency range) 


(214) 


which follows from equation (204) wbete 


Zi^ Ri^ 


Rff R^l 

Rg + R91, 


And for the pentode tube, from Figure 227-B, again neglecting the 
capacitances of ibe circuit, the amplification in the middle frenquencies is 

“ = Gp • (midd le- frequency ra age) (215) 

Ai + A, 

From equation (214) it is evident that in tbia particular frequency 
range the amplification depends upon the ampli£catioa factor of the 
tube and the resistance in the circuit. At ocher frequencies where the 
capacities must be taken into effect the relative gain will evidently be 
less. For this reason the amplification as given by equation (214) is 
the maximum amplification obtainable f lom such an amplifier. 

Q* . 

PigBR 22l*A —SirapJificd «qBiva]enc 
<iKui( of FigQ re 3 6 2'A appliable 
bigli frequeseice. 

In the high* frequency range the shunting effect of the stray 
capacities must be considered. The equivalent circuit is shovrn in 
Figure 362'B. From a consideration of Figure 224 and Tbeveoim s 
Theorem, this eosivalent clrcnic may be replaced by the drcuic of 



Figure 228.6 — SimpliM eqoi^alenc 
dncit of Fifnte 3 62*A appliable 
at lev fftqueBeiee. 
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Figure 22S-A, where = 2j j as givea ia Equa don (2 09). The solu¬ 

tion of Figure 228-A gives the high-frequency amplification as 

- (high-frequency range) (216) 

'■ Vi + (t) 

a 

Dividing Equation (216) by Equation (214) gives the ratio of the 
amplification in the high-frequency and middle-ftequeacy range: 

Amplification at high frequencies _ 1 /'iti', 

MaTimum amplification r /i^\» 

whert X. = ^ 

- p _ + RaRei 

R,R,R<jl 


This shows that, as in the direct-resistance coupled amplifiers, the 
amount the amplificadon falls off at the high frequencies depends upon 
the ratio of the equivalent resistance to the reactance of the stray 
capacities of the circuit. 


At the low frequencies, the shunting efiect of the stray capacities 
may be neglected, but the series reactance of the coupling condenser, as 
shown in Figure 362-B, becomes appreciable and must be considered. 
By the use of Tbevesisn's Theorem, the equivalent circuit may be 
replaced by the cucuit shown in Figure 228-B and a manipulation of 
this ciicnit gives the ratio of the amplifications at the low- and middle- 
range frequencies as 


Amplificadoa u low frcqueoaet 


Mazifflum amplcfiotion 




(218) 


where X, = . ^ 

2r rC« 

and R = + = + 

FroasacoQsidecaMOnoffKnmSae (214), (217) and (218). the 
guftfetal amptificaiion cum of a tcftstanw-coadenser coupled amplifier 
may be ca l ^a t ed and drawn as shown in Figure 229. 
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It will be QQtM that tbeae two amplifier curves, when plotted as general amplidea* 
lion eorvea. are identical. In application to particular cases they will not be the same, 
as different values of reactance and eqoiTalenc nsitraaee wjU apply. 


PigBre 229 ~ Galn-fraqueocy charactctUtle corve of resnanoe'coodrucr 
and impedance •condenser coupled amplifiers. 


The maximum amph^cacion of both the direct*resistaace and 
resistaoce-condenser coupled amplifiers is seen to depend directly upon 
the amplification factor of the tube, as well as the ratio between the 
resistances in the circuit. As the coupling resistance is increased it 
would seem that the amplification would also increase. However* an 
increase of this resistance causes a greater voltage drop in the coupling 
resistance and makes necessary the use of a higher voltage "B“ battery 
CO keep the potential between catbode and anode at a constant value as 
the coupling resistance is increased. This In torn lowers the efficiency 
of the tube and counceraecs the benefits derived from increasing the 
couplin g resista nee. Figu re 3 6 5 shows this graphical ly. as It may be seen 
that the curve showing the relation between amplification and the 
coupling resistance has a critial value of coupling resistance beyond 
which there is little change in the amplification. With pentode tubes, 
an increase in the coupling resistance necessitates a change in the control' 
grid and screen-grid potentials or a victual cathode may be formed in 
front of the suppressor grid and the tube wilt no longet act in the desiced 
manner. 

5. IHPBDANCE'CONDENSER COUPLING 

An impedance-condenser coupling employs a shunt inductance 
coil and a series condenser, as shown in Figure 363, just as a resistance- 
condenser coupling uses a shunt resistance and a series condenser. The 
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prindpai advantage of cbc inductaac* type over the resistance type lies 
in the fact that a lower "B” battery voltage is wed as the direcc-cu'rrent 



PijUK 2S0-A — Exaec eqalnJoit drcolt ot iaped* 
»tia*<o»deasr coopM aapU&r. 



Fifan 2S0*B — Ptmek^ tqmvJcai 
dirait ^ ^ 


voltage drop is lower through the confAing ttnpedasce tha&’throagfa 
the coapling lesutaDO^ The mictal cost, however, is greater and die 
coopliag impedance mea be diielded agains pidc-np. 

Hgnrc 23^A gives dx exact esrarvalcBt drcnit of sodi an amplifier 
while Figvze 230'B ^ves dx peartkal cqnmkat dtenit. 

The amplificadon in die mid<fle aageof fteqisoKies where Cj 
and Cf may be negkaed. ii 


where Ji', 


— — (middle-freqwacy range) 

R.fU 


(219) 


and ^ssaig wmim ywageq wf a ka gfcMitPdnedJycnnentkB 


from whkh it may be wen that die ampfificaooo in the range 

of fttqnennes k sdaemty Ugh ami pcaokafly coosoA. Tbe ampU- 
ficadoQ in this cmge h tbe aaximtt xnqiEdcatioa, as tlx dmnt- 
ing reactance Lp.ie appodabk A low mtik die diancmg 

effect of tbe tabe asd snay wiaag tapnaiw cant die ampUficataon m 
drop off in the tngh»&ng nuny nag^ 


The ast^ificadot as dx low q 
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where 

aiod 




Rt Rpi R, 


Rf + 4- 

Xi ^2v f Lc 

The amplification in the high-frequency range ia given by 


R'. 


} 




where 




(high'frequency range) (221) 


I 


2rfC, 

Dividing Eqoaciona (220) and (221) by (219) gives the ratios 
between the amplification at low and high frequencies and the maximum 
amplification: 


Amplification at low frequencies 


Maximum amplification 


Amplification at bigb frequencies 




Maximum amplification 




( 222 ) 

(223) 


From equations (219)* (222)« and (223) the general ampUfica- 
cioa curve of an impedance-condenser coupled amplifier may be plotted 
assbown in Figure 229. In this case, as with resistance-condenser coupl¬ 
ing. the inductance may be increased only to a certain value to cause an 
added increase in amplification. A comparison of Figures 365 and 366 
shows dtac the amplificattoii-coupIiAg inductance curve is even more 
critical than cbe curve of Figure 365, having a much steeper slope in the 
region of lower values, as well as a sharper cut-off. 

In modern am^lfiers in which the place voltage is supplied from 
a source of aUernaticig-curcent power through a transformer and recti* 
fiet. the advantage of lower '"B” battery voltage values is no longer a 
major consideration and does not offset the larger initial cost, so that 
lesasUnce coupled amplifiers ace usually preferred over cbe inductance 
coupled. 


6. TRANSFORMER COCPLiNG 

In a cransf ormec coupled amplifier, the coupling consists of a trans¬ 
former placed between cbe input sonree and the grid of the fiext tube, 
and between the pla« o( the first cube and the grid of the next, as 
«howa in Figures 369. 370. and 371, The cranaformer not only 
replaoes the cooping resistance or inductance, but malces unnecessary 
the use of a cou^ing condenser or grid leak resisuace. 
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Figure 231'A gives ibe exact equivileat circuit oi a transformer 
coupled amplifier and Figure 231 gives the practical equivalent circuit 


Rgort 23 1 — Enet aad iqnlvikat twiitt ©I« tTMiforowr coopled tmpiiStt. 

with the tran^fonner n^o reduced to unitf. 

In the middle-fteqoeocy range the aaiplifiarion is given by 

^ = yi n (middle-frequency range) (224) 


Figure 231 *0 — EqujTaJtnl dr* 
<uir of tnoslormec coaplrd ampli¬ 
fier applicable la ibe high-freqvencr 
nage. 


R| a redsrance of prisiarv L'^ ^ leakagr inductance of sreondarf 

Af B resistance of secondary R, » eddy cuerrnt loss 

L] B indBCtance of pnojry « hyetcresia lou 

L] * indoctaacr of secondary s place lessunce of (obc 

L'^ B leakage induecance of primary Rq ^ inpnC resistance of neat tube 
C)s — capadunce between primary and secondary 
Cf — capariunee of tube and dlscribnced eapacicanee* of priaury 
™ capacitance of next tube 
Cg = distributed capacitance of secondary 
Figvre 23l*A— Exact egaiualeRt circait of a traosfocmer coopled amplifier. 




- n* ^ ‘ ” Ti 

C, -n« <Cj -f* C*,) + Cx 8 (nil)* 

T{ « DUffiber of (Utos on ibe priciary 
Tg ^ number of lams on eba secoodaty 
Figure 231 'B — Practical equlTaleni eireok of a innsforretr coupled amplifier. 


Figerc 231-C — Eqeiva* 
lat etrcBis of inaaformer 
co&pled asnpliBtf ap- 
plkaWe in tbe low* 
fraqueocy oagT' 
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Formula (224) follows from Figure 231-B, by assuming 
R'i and C, as negligible, which may be done withouc appreciable error. 
The inductance of the primary, and the capacitance of Cf. are so high 
that for all practical purposes these circuits are open. The eddy current 
loss is relatively low and need not be considered. 

In the low-frequency range the reactance of the primary introduces 
au appreciable loss, and the amplification, where Hi, R'i and Cg may 
still be neglected, is 

(low-frequency range) (225) 


where Xi = 2* fLi 

From equation (225) it can be seen chat the extent to which the 
amplification falls off at the low frequencies depends upon the ratio 
of the place and primary resistances to the inductive reactance of the 
primary. Although the reactance of the primacy, as given in equation 
(225) is determined from the alternating component of the current 
through the primary, it must be remembered, in practice, where the cote 
of the transformer is made of magnetic material, that the inductance 
will vary with the amount of direct current /lowing in the circuit. 

At the high frequencies the inductance of the primary has even 
less effect than at the middle frequencies and so may be neglected, but 
the leakage inductance and the shunting capacity must be taken into 
consideration. Prom Figure 231*D, the amplification at the higher fre¬ 
quencies is 

(226) 

(high-frequency range) 
where X'a = 2»fL'a 



From a consideration of Figure 231-D it can be seen that at some 
frequency fg [see equation (44) ], the leakage inductance L'i and the 
shunting apaclty are in series resonance, resulting in an appreciable 
resonant peak in the amplification at this frequency, 

At resonance in a secies circuit containing capacitance and induc¬ 
tance, the voltage across the coil and condenser, being nearly 180^ 
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ouC'Of-pbasei is much gtcater than ibe applied voltage (see Chapter 
XXXVIl). The reactance 

= = ^ ■ ,227) 

aod ebecuncflt in the circuit, as the capacitive and inductance reactances 
arc equal and opposite (see Figures 343 to 346). is 

/• = ^ where — applied voltage 
K 


Then the reactive voltage is 


/, Xi, = ^ i - L ^ (at resonance) 


(228) 
the 


The ratio ^ (228) is termed the Q of 

circuit, that is, 

Bz,:=EeP 

(at resonance) (229) 


oc(?=f 


Equation (226) cbecefore reduces to 


where 

and 




= nn 


I 


I 

QV 


^ n Qa (at resonance) 


(230) 


+ R't 

Qjt s= Q of the circaic at resonant frequency, 


Equation (230) shows the effect this resonant point has opon the 
ampliffcacion as. although the ampliffution in the middle frequencies 
is (pn), the ampli&cadon at frequency /■. is (p/tQm)- or the middle 
frequency amplifiacion sultipli^ by the factor Qm- At freqoeacies 
above and below but stiU in the high-frequency range. Equation 
(226) may be erpreased in terms of Qm. and the ratio f/fj, as 






(231) 
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Plotting EqBations (224), (225), and (251) gives a gain-fre- 
quency tiharaccetiscic carve as ahovn in Figore 232. foe three different 
values of Qg. The effect of different values of Qs upon the high* 
frequency amplification is shown in Figure 232. 

Consideration of Figure 252 shows chat for good low-frequency 
response the inductance of the primary must be high, and the plate re¬ 
sistance of the cube low. In the high-frequency range, the value of Qs 
is about 0.75 for linear response to the sloping off point of the enrve. 



Figare 232 —Cain* fregatacy ebaraccrxittic esrvr of a masformet'Coapled 
amplifier at diSereat vatoee of Qg. 


For a discussion of transformer characteristics and for typical gain- 
frequency characteristics of transformer coupled ampliffecs. see Chapter 
XIV- 

The similarity of Figures 226 and 229 and the lower-frequency 
range of Figure 232 with the attenuati^ curves of low- and high-pass ' 
filter sections as shown in Charts XXVII! and XXTX, Chapter 3GX, 
should be noted, as the equivalent cucuits in particular frequency ranges 
of these amplifiers are equivalent to low- or high-pass filters depending 
upon the frequency range considered. Also, the similarity of the ampli¬ 
fication curves of a iransformec-coupled amplifier as given in Figure 232 
should be compared with Figure 197, as the latter shows the relative 
effect changes in impedance have on the cut-off poinc of the filter section 
as well as on the relative amplification in this frequency range to 
which this amplifier may be compared. This similarity between the 
gain'frequency curves of these amplifiers and low- and high-pass filter 
sections, if noted, should lead to a greater familiaricy with the formulae, 
as derived in this chapter, and to a greater fiezibility in their use. 
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7. VOLTAGE AND POWER AMPLIFIERS 

In a mski'SUge amplifier, chat U. one consisting of two or more 
tubes in cascade, it is a function of all amplification stages except the 
last to deliver the largest possible voltage to the next stage. The dney 
of the last stage, called the power amplifier, is to deliver the greatest 
amount of power to the load. 

The voltage amplification of a single-stage amplifier is expressed 
by the equation: 

Where n = amplification factor of the tube 
Rp ^ plate impedance 
Z\ = input circuit impedance 
Zi = plate circuit load impedance 

From expression, it may be seen that the voltage amplification 
is directly proportional to ft. the voltage amplification factor of the 
tube. Because of this, tubes with a high are used for cbe first stages 
of an amplifier. For cubes of equal values of mutual conductance, the 
ratio of the value of the plate impedance to the value of mu is ap* 
prozimacely constant. In general, then, tubes with a high amplification 
factor have a high mtecnal plate impedance. The loss of high'frequency 
energy doe to capacinve efiecta in the high impedance dreuit is a 
limiting factor to the gain per stage of amplification, as may be seen 
from Figures 2 3 O'A and 2>1-A. 

In motion pictnre work, cbe first suge of an amplifier is often 
coupled to sources of very low power snch as a microphone or a photO' 
electric ccU. If the source has a high internal Impedance, the usual 
method is to couple it directly to the grid cltcvic of cbe first stage, using 
only isolating condensers to avoid conductioii of bias and polarizing 
potentials. Noteworthy example of high impedance sources are con* 
denser and cryscal micropbonea. and photo-electric cells. In the case 
of low impedance sources such as dynamic or ribbon microphones or 
ttansmlsaon linss. a st^up transformer is used to couple the source 
to the grid drcniC of tbe ficst amplifier stage. 

Referring again to equuioa (232). ir may be seen chat cbe voluge 
amplificacioa is proportional to the square root of cbe impedance of 
the dreoit connecced to cbe grid. Tbe loss of high-frequency energy 
doe to capaddve effects In tbe high impedance circuit is tbe limiting 
fac^ CO cbe gain accompUsbed by Increasing the impedance, In prac- 
dee. impedances as hi^ as 200 megohms ace used when cbe coupling 
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s$ direct. Ths practic&l limit to the impedance in the caae of tfanaformer 
coupling is about one-half megobin. Such a coupling reduces to an 
ecjuivaJent citcuit as shown in Figure 231-A where R, is the impedance 
looking back into the line and the signal voltage, that is. the voltage 
CO be amplified, is given as (ptti ). This geoecacoc citcuit is usually of 
low impedance compared to the grid circuit of the lirsc tube, and con* 
sequently a ttansformer coupling greatly increases the eftciency by 
stepping up the grid potential by transformer action. 

The characteristics of input, interstage, and output transformers 
are given in Chapter XIV. 

The function of an interstage transformer is to couple the place 
circuit of one amplification stage to the grid circuit of the next stage. The 
primary winding is designed to operate with the plate circuit as an input 
impedance. The secondary winding has the same limitations as the 
input transformer. When an amplifier stage is to be transformer coupled 
to the following stage, it is more practical to use a tube with average ^ 
and average plate impedance, chan to use a robe with high place 
impedance, which would be impractical to match with the primary 
winding. 

In the power stage, where the primary requisite is to deliver the 
maximum amount of power to the load, cubes with low plate im¬ 
pedances and co*exi8tently low mu are used. The practical limit to this 
low value of plate impedance, which is in the neighborhood of 300 
ohms, is determined by constructional problems. 

Transformer coupling of plate circuit to load is generally used. 
The use of resistance coupling would result in a serious loss of energy. 
A transformer not only provides a path of low direct-current resistance 
for the plate circuit, but also acts as an impedance transforming device 
as explained in Cbaptec XIV. thus retaining the efficiency of the 
energy transmission. For maximum energy transference, the trans* 
former has windings with a ratio of impedances of primary to secondary 
equal to the ratio of impedances of the tube and the load on the ampli> 
fier. When this transformer secondary ciKUit Is terminated by the load, 
the iterative impedance of the primary circuit is a load on the tube which 
equals the tube impedance, this condition providing foe the greatest 
delivery of power. However, when harmonic generation is considered, 
it is necessary to provide a load on the tube of at lease twice the tube 
impedance, in which case the ratio of Impedances of the transformer 
v^ndings is equal to the ratio of twice the tube impedance to the load 
impedance. 
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$. REGENERATION 

romp.«rto the ide,l amplifier whkh h.e separate ba.ter.es o, e.^ 
tube'^ In the Utiei case, the overall ampl.fication is *e total of tU 
|“*vidu,l “agea. but in the former rase, the ampl.fiear.on usnally 
diff«rs f com that of ihe ideal amplifier. 

fUjeneracion rakes place between all stages in the amplifier, due to 
rbe ^fNmnce in energylvel in each stage, but^ 
regeneration is between the first and last stages, due to the 
g«ater difference in energy levels. This spurious energy may be tr«^ 
ferred at various phase relations with the signal voltage and if in-phaK 
and of sufficient energy, will lead to a bnilding up of the tnpu. and 
to a ••singing” or oscillating amplifier. If. however, the spurious energy 
transf«ncd back to the first stage is ouc-of-phase with the signal voltage, 
the effect may lead to an overall improvement in the operating condi¬ 
tions of the amplifiers provided the feedback and signal voltages tmatn 
ouc-of-phaae. as explained under feedback. For ibe« reasons, if regen«- 
atioo is present, its phase in relation to the signal voltage must be under 
control or cbe regeneration muse be reduced m magnitude in compari¬ 
son to the magnitude of the signal voltage. 

Although the principal source of magnetic coupling in audio- 
freauencr amplifiers is between the input and output transformers, 
magnetic coupling of any kind is to be avoided by shielding, proper 
artangemenc of the wiring, and proper reUtive positioning of the 
transformers. 


As the most common source of regeneration is the inclusion of the 
same impedance in the plate circuits of two different stages, and as 
regeneration is more prevalent in trans/onner coupled amplifiers due 
to the type of impedance and the larger plate currents for a given plate 
voltage, a transformer coupled amplifier having a common impedance 
in the first and power suge will be considered. Figure 23 3 - A shows such 
a circuit in which the plate currents of each stage flow through the com¬ 
mon impedance. Z,. resulting in a change m the amplification, depend¬ 
ing upon the phase relation between the respective currents. 

The principal effect of Z 4 is to change the amplification of the first 
suge of the amplifier and this effect becomes important only when the 
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Tolca^ transfer from the power stage becomes of a irugnicvde com* 
parable to the signal voltage. Tbe dronic in Figtire 233'A may be re- 



rtgttie 233-A—cueait of an aspliBcr with a coasoa uopcdaocc sd tbc 

6 ^ a«t Imi 

placed by the equivalent dreoit of Figure 233-B. where the amplifica' 
ikm of the intsTnediatc stages is lonped and shown io schematic fm’xn. 



The gain of the povp stages wSi be deaigBaied as arrd the first inter* 
stage tjassforiBer assmed to have a ratio ot ■nity. 

Id Hgme 233-B* the vintagees acd^ thcosgb the grid of the final 
stagecattssamieagf tfiDpcD 2^by sBoxEsof the place esnene of the last 
stage. Tis voltage* acting in Che plate drcuic of the first tube, may 
imease or deoease the signal vokagr d^nding upon the vector rela¬ 
tion lie nr ecB iIk two vedtages. The rob. **tfegatiTe regeneration.'’ is 
nsziaDy nsed ^^n Eu u n e g atire wrth re^wa lo Cj»l Vf). The total 
Tfrftagc acting in serio witb ihe fas stap p{ate cxiciiit k 

E = *^r.-lrE, (233) 

iHxfnek=signal voltage 

=s ampf^catkat faaor ct first n^e 
Eg = Tirfeage drop in Ln^edaaice dne to final 

stage 1*^*^ cmrenL 
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The voltage, E, is the new signal voltage after regeneration has 
taken place. From this. 



(234) 


where ti = oaepue of first stage 

Ai s: amplification of first stage without regenerarion. 

Then, from the figure, it can be seen that the common impedance 
voltage. 


Et = hZ^^etKZ, (235) 


where K represents a factor determined by the tube and resistance con¬ 
stants of the final stage, which would determine the plate cucrent Ig. 

Substituting the value of Cx given in equation (235) into equation 
(233) give* 

£ = /II a. + e* X Zfl (236) 

and solving for E in (234) 

£ = ^=«f, + <9/CZ. (237) 

so *> = -^(«s. + e.KZ.) 

H 

bat Vs = As *1 

Ai _ 

” 1 _ AiAsXZo (238) 

Ml 

which shows that the amplification is altered by the factor 


1 

1 AtA,XZ. 

Ml 

by the presence of regeneration, and b negligible when the term 
is amall compared to unity. 


( 


AiAflXZ, 
Ml 
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Regeneration is decreased by keeping the valoe Z« small. This 
is often accomplished by shunting a condenser across the common iiri' 
pedance where the reactance of the condenser is small compared to the 
by-passed impedance. 

Where the plate voltages are secured from a filtered, rectified power 
source, the common impedance is the reactance of the shunting condenser 
in the filter of the rectifier. In this case, a filter is used to isolate the 
common impedance from the input stages. The latter filter consists of a 
series resistance or inductance and a shone condenser, the relative values 
being of such a nature as to make the series Impedance high in com- 
parison to the shunt impedance at all frequencies at which the filter is 
to be effective. One or more of these filter sections may be used, depend- 
ing upon the amount of filtering necessary, but the result is to introduce 
less voltage into the input plate circuit by shunting the greater part of 
the current from the output stage. 

NEGATIVE FEEDBACK AMPLIFIERS 

Recent developments in amplifier design have led to the deliberate 
Intzoduccion of a certain amount of negative tegeneration to improve 
t1ie overall operating characteristics of the amplifier. The theory of 
feedback will be considered, and then the effects upon the amplifier 
characteristics given. 

10. FEEDBACK THEORY 

The entire amplifier system may'he represented in block schematic 
as shown in Figure 234 where the overall gain of the amplifier Is repre¬ 
sented by "A." Part of the out- 
put is diverted through an at¬ 
tenuator "T" and fed Into the 
input of the amplifier with the 
signal voltage e«. 

The relation between the 
input and output voltages is 
then given by the equation 

£ = A (23?) 

where fi = that part of the output fed back into the input. 

e« s: input signal voltage 
E s output voltage 

Solving equation (239) for the amplification factor gives 



E A 
e, I ^ B A 


.(240) 


where 


Afi:s: feedback factor. 
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Equacion (240) may be restated choa: 



C24J) 


which shows that the amplifcation, ss a result of the iarroduction of 


feedback, has been modiJied by the factor 



Equation (240). by multiplying the numeracor and denominator 
by (0 A) and properly arranging terms, may be also expressed as; 

(242) 


where A) la large compared to I. 

From equation (242) it may be seen that if the feedback factor is 
large compared to unity, the amplifcation is practically independent of 
the ampIificatioD of the amplifier itwlf . but is inversely proportional to 
tbe quantity 0 . 



n. STABILITY CONTROL 

Although the above theory Is relatively simple, practical applies* 
tions are more involved because of tbe very special control required of 
phase shifts in tbe amplifier and feedback cirenits. This control must 
be exercised not only in the required frequency range but also in a very 
wide frequency band above and below tbe useful range. Unless this 
control is maintained. osdUatioa or singing will take place, rendering 
(be amplifier unstable, 

A and 0 as given in formula (240) may be either numerical or 
vectorial terms. As may be seen from a consideration of the amplifica* 
ticn curves previously given for the various types of amplifiers, A is 
almost invariably a vectorial term, as its magnitude varies with fre* 
queucy. Figure 229 gives the amplification and phase shift curves for 
feedback amplifiers witb resisiana-condenser, or cesistaea*impedance 
coupling, and Figure 2^2 gives tbe amplification and phase shift 
corves of an amplifier with a transformer conpUsg. It will be noted 
that the phase shift is greatest at frequencies where the amplification is 
low, except in a transformer coupled amplifier, which gives large values 
of phase shift near the series resonant peak of the amplification curve. 
As a ^neral rule, an amplifier wbicb does not have a flat frequency 
cbaracterisdc invariably has phase shift, and conversely, an amplifier 
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with j flac fKqiiency chacacurUfic has very Utrle phase shift- The first 
part of this rule holds more geaerally than the second part. 

In formula (240), ^ is numerically equivalent to the phase rela¬ 
tion of the output and Input, that is, if the gain of the system is to he 
increased. ;9i8 a positive quantity, while if the gain is to be decreased, ^ 
is a negative quantity. 

As long as the total phase shift of A/3 is less than 180^ through¬ 
out the total frequency range, from zero to infinity, the feedback voltage 
remains negative with respect to the signal voltage and the operation of 
the amplifier will be stable. In practical cases, however, outside of the 
transmission band, the total shift often exceeds 180^, which is allow¬ 
able if the gain of the amplifier decreases sufficiently. 


12. EFFECT OF NEGATIVE FEEDBACK ON THE 
PERFORMANCE OF AN AMPLIFIER 



FigoR 23$ Cam'/reqaeocy cbancttriscics of aa aaplifiar with 
sad wilboct feedback 


(a) Effect on Gain-frequency Characteristic 

A consideration of equation (241) shows that the gain of an ampli- 
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6 rr will be reduced by the factor. 


' provided the ph«e re¬ 
lation of the feed b ack voltage is proper wi th respect to the signal vol cage. 
Where relatively large amounts of negative feedback are used, the ampli¬ 
fication is reduced still forthet and becomes independent of the ampli¬ 
fication of the amplifier. This may be seen from equation (242), where 
the amplification depends solely on the amount of feedback present. 

This loss in gain is overcome by designing the amplifier with a 
higher gain chan is necessary, and then by feeding back part of the 
output into the input. Thus, by throwing away the excess gain in 
a controlled mannec, an amplifier with a more constant gain character¬ 
istic results. 


Figure 235 shows the gain-frequency characteristics of an amplifier 
wichooc feedback, and with two different amounts of negative feedback. 
It is to be noted that the gain is very constant throughout the operating 
range when feedback is employed. 


(b) Effect of Negative Feedback on DistorCion 

In well designed mulri srage amplifiecs, the output or power stage 
overloads first. The preceding stages have a margin of about 10 
decibels before overload occurs. Pot this reason, any distocrion present 
usually takes place .in the place circuit of the last stage, and this distor¬ 
tion. when feedback is used, re-enters the amplifier out-of-phase with the 
voltage causing the original distortion, thereby tending to cancel out 
the distortion. 

If the symbol "d." represents the distortion voltage present in the 
output voltage E. without feedback, then with feedback, the distortion 
voltage D ii: 

As the voltage d re-eaurs the amplifier and appears at the output as 
Afid, QUt*of-pbase with the voltage causing the distorrioo, it tends 
to cancel this distortion. 

Equation (243) assumes that the undtscorted output is the same 
with and without feedback. This is approximate and not entirely justi¬ 
fied, a» the compa r ison is made between the amount of distortion 
present with, and the amount present without, feedback. However, 
practical measurements agree reasonably vrell with equation (243). 
Hguxe 236 illustrates tbe improvement in loss of distortion la relation 
to tbe improvcoienC in gain, and rbc deviation between tbe three curves 
it tbe amount of etror Involved. 
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Fi^BM 2)6 — curve tbovins the K<jB<tion of harmonks with ftcdlMck. 


<c) Effect on Noue 

Noises introduced into the amplifier tend to be cancelled out in 
the same manner that distortion is reduced, provided the noise appears 
beyond the grid circuit of the first stage. Any noises appearing in the 
grid circuit of this stage, such as thermal agitation in the tube circuit, 
will not be ted need as they appear as part of the signal voltage. Tbe 
amount the noise is reduced depends upon the place in the amplifier in 
which the noise is introduced, that is. 




a n 
3lt 1 — A 0 


(244) 


where N = noise output voltage with feedback 

It = noise output voltage without feedback 
tfo = total ampliffcation 

a = amount of amplification received by the noUe voltage 
Fcom equation (244) it may be seen that the reduction in noise is 
greatest when tbe noise is introduced in the power supply dreuits of 
the last stage and decreases when the noise is introduced in the lowet 
level stages. 
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(d) Effect on Equalization 

As the gain-frequency curve of an amplifier in which negative 
feedback is present depends upon the amount of feedback employed, as 
well as upon the type of feedback coupler used, such a circuit presents 
a useful tool where equalization is desired. Desirable equalization can 
be accomplished by designing the characteristic of the feedback circuit 
to be the inverse of the gain characteristic desired in the ampiifier. 

(e) Effect on Phase Shift, Delay, atid Delay Distortion 

The effect on the phase shift and delay is illusitawd iu Figure 23 7, 
whece curves are given showing these characteristics with and without 
feedback. 



_ wo 

niLQUIXCT OCUS fCa SOXMO 


>S«M SDOCO 


Figure 237 — Phase ihifi. ddar and ddar duMrriea. viih end wiehoat 
feedback for a nagle lobe voice Ireqoeur anpliker. 


Iq genecal. where the feedback is intencionally introduced inco an 
amplifier and where the phase of the feedback is properly controlled, 
the result U an amplifier which has a more constant gain with frequency, 
a greater freedom from distortion, and greater stability. The improve¬ 
ment depends upon the characteristics of the amplifier as they exist with* 
out feedback. 

Acknowledgment is made to H. S. Bbck, and the BtU System 
Technical Journal, fot information, nomenclature, and illustrations 
used is Sections 9 to 12, inclusive. 

13. FEEDBACK AMPLIFIERS 

The simplest form of reverse feedback ciccoit uses a resistor la 
the otbode carcuic which is common Co the plate and grid circuits. 
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FigQK 238-A illusciates the cucnit of » single stage amplifier with rS' 
verse feedback, and Figure 238*B illustrates the equivalent circuit. . 

Here, the signal voltage drop caused by Z«, which is included 
in the plate circuit, is in series with, and opposite to, the input signal. 



Acioal CiRuii Eqaivaleoc CircoU 

238'A. Figure 238'B. 


Feedback voltage obtained from an impedance in series with the load, 
as in this case, tends to maintain the load current (rather than the 
load potential), constant with respect to input potential. A feedback 
circuit, with feedback potential obtained by a shunt, or bridging cir¬ 
cuit, tends to maintain the load potential in proportion to the input 
potentials (see Figures 239-A and 239-B). 



Figoie 239'A. Fifort 239-8, 

The phase of the feedback circuit is the aame for three or any 
higher odd numbers of stages. For two or other even numbers of stages, 
the phase is reversed. Figures 240-A and 240*B are schematics of two- 
stage amplifiers. It may be observed by comparing Figure 240-B with 
Figure 239-B, that the feedback phase is reversed at the input of the 
amplifier. 

There are as many ramifications of the feedback circuit as there are 
different amplifier circuits. For simplicity, interstage transforeiers ate 
avoided. If they are used, they are so designed that the magnetic leak¬ 
age is kept low to avoid large phase shifts. 
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Feedback is more effective when the amplifier in the loop ba$ about 
three stages. The sacrifice of output power in a one'Stage amplifier, 
such as JD Figure 239. required to provide the feedback voltage offsets 



Actual Gxait Eqainlint Ciieolt 

240-A. Fi8®« 240-B. 


any merit of the feedback action. However, in a three-stage amplifier, 
the power absorbed is negligible. 

A simple rule in the design of a three-stage amplifier, to allow the 
appUcatioo of reverse feedback without encountering oseillatioo. Is to 
limit the frequency response of the first two stages to the frequency 
band requited. 7^03, the attenuation outside of the transmission 
band increases rapidly, and is sufficiently great to avoid oscillation when 
tlw phase>shift reaches 180^. The final stage, however, should have no 
frequency discrimination within the transmission band. Any loss in 
tlie output circuit lowers the available output power, and this loss 
cannot be recovered by feedback. 

The tubes used in main-stage amplifiers employing feedback are 
(Uteu pentode tubes, taking advantage of the large voltage gain charac- 
Mrkftics wicbout concern for harmonic distortion. 

It may be observed that the Beta circuit has the configuration of an 
i, network, and the attenoation may be calculated on the basis of 
any pad. taking doe consideration of impedance terminations and ac- 
vvmpaaying losses. 

14. PUSH'PUIX AMPLIFIERS 

A posh-pnll amplifier circuit, as Ulusirated in Figure 241-A has the 
merit of being free from regeneration through common power sitpply 
circuits. 
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The secondary of the input traoefotmer is divided into two equal 
halves by a xnid'tap. which is connected to the cathodes of both tubes. 
The opposite ends of the secondary are separately connected to the 



FIsare 241 *A — Single stage, push*pull amplifier eircoic. 





Figure 241 *B —Equlnleot eiituic of Figure 241.A^ 


grids of the tubes. Thus, an incoming signal entering the primary 
produces potentials on the two grids which are IS0^ ouc-of*pbase. 

The equivalent circuit is shown in Figure 24l'B with the two 

voltages^^^^^ and^^ ^^ ^, 180^ ouC'Of'phaae. This leads to a plate 

current in one half of the circuit which is equal, but opposite in dlrec' 
tion. to the current in the other half. Consequently, there la no current 
flowing in the mid-tap of the primary of the output transformer. The 
output transformer serves to re-add the output of the two tubes in' 
phase. 

To suppte&s any tendency for a signal current component to 
flow in the mid'tapped citcuic due to difl^ertnees in tubes, dissymmetry 
of the transformers, etc., a series inductance la usually inserted in this 
circuit, Thus, the circuit may include an impedance common to a 
preceding stage without introducing regeneration, as no signal cnrresc 
flows in the common impedance. 

Another advantage Is that the direct-current components of the two 
place circuits cancel each other, leaving only the signal component as a 
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mignetizing force on the core. The coiuequenc redaction of flux denrety 
in the core improvei the performance of the Ccaoaformer. 

If the two tubes are matched, then the positive half-cycle of th« 
incoming wave receives the $ame amplification by one tube as Che 
negative half does by rb« other cube, even under overload conditions. 
Thus, the symmetry of the wave is preserved, and no even harmonics 
are generated by the amplifier. Any even harmonics present in the oat- 
put circuit would cause the output wave to be dissymmetrical, and the 
harmonic energy would have to fiow through the rnid-tapped circuit. 
The series inductance in the circuit Is effective in impeding the fiow 
of even harmonic distortion energy. Thus, greater undistorted power 
may be obtained from a push-pull amplifier chan from a half-wave 
amplifier with the same total cube capacity. 



Chapter XXII! 

RECTIFIERS 

Bf, FRED ALBtN 

A rectifier in sq electrical circuit is a device which has either non* 
linear or unilateral condoctance* or both, and whose nsual funciion ia 
to produce a unidirectional current from an alternating current. It may 
also be nsed to generate harmonics from a pure sine wave. In fact, 
harmonics are produced only by a non-linear conductance, taken in a 
broad sense. 

1. APPLICATION OF RECTIFIERS 

Rectifiers are used in the motion picture industry for many purposes, 
some of which ace: 

1. Noise-rednction control dicnits 

2. Volume indicators 

3. Detectors or demodulators 

4. Exciter lamp power supply 

5. Amplifier tube filament power supply 

6 . Amplifier anode power supply 

7. Horn field power supply 

8 . Motor speed control circuits 

9. Relay and miscellaneous direc t-current appliance power supply. 
This list includes loads with a wide range of impedance and power 

requirements. 

2. TYPES OF RECTIFIERS 

To accommodate these load requirements, many types of rectifiers 
are used. Economically, certain types are best for a limited range of 
load impedance and power requirements. The following list of types 
of rectifiers is roughly in the order of impedance, although there is con¬ 
siderable overlap in the impedance ranges of any two types: 

1. High'Vacuum hot cathode 

2. High-vacuum hot cathode with grid 

3. Gas filled hot cathode 

4. Gas filled hoc cathode with grid 

5. Gas filled cold cathode 

6 . Contact (copper oxide, etc.) 

387 
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For example, the high*Tacuum type is used in dreuita with im¬ 
pedance of 500 ohms to greater chan 50 rnegohms, while the conucc 
type is used in ciccuiu tanging fxom a fraction of an ohm to several 
thousand ohms. The high*vacuum type is best stiiced for recCificatioo 
of voluges in excess of several thousand, while either the gas iiUed hot 
cathode type or the contact type U well suited for low voltage and 
high current, such as excicec lamp power supply. 

The use of a grid in the high-vacuum tube provides amplification 
and rectification simultaneously, the result of virtually combining an 
amplifier tube wfth a rectifier. The use of a grid lo the gas cube allows 
the coacrol of a high voltage by a lower control voltage. This circuit is 
need as a regulated rectifier when, for example, constant output voltage 
under conditions of varying load current is required. 

A description of the construction of a high-vacuum hoc cathode 
rectifier was ^ven in the beginning of the chapter on vacuum tubes. 
As described there, the tube consists of a cathode surrounded by the 
anode, and the ensemble enclosed in a highly evacuated envelope with 
electrical connections brought out through insulated bashings. The 
cathode may consist of a wire heated directly by a current through it. 
or it may consist of a metal sleeve enclosing a heating coil, in which 
case the cathode is heated by thermal cooducriviry. but with no electri¬ 
cal connection from cathode to beater within the envelope. This tube 
is commonly known as a '"Diode.** 

Another type of anode may be in two electrically separated halves, 
or there may be a pair of cathodes and anodes within the one envelope. 
The name "Duo-diode** ot "falbwave*' rectifier b used to identify 
this type. 

The area of the cathode emitting surface is directly pcoportional 
to the current rating of the anode dicoit of the rube. The spacing 
between the cathode and the anode is directly pcoportional to the voltage 
of the circuit being rectified. The inomal impedance (cathode to 
anode) of the tube is also directly dependent upon the spacing of these 
elemenu. With these design facrora in view, rectifier tubes are made 
in a large range of slze$ and proportions to fill the wide range of load 
reqnirements. 

The characteristic curve of a typical rectifier is repeated here: 

+ - (245) 

By inspection of Figure 242. it may be seen that the tube fulfills 
dx reqnixements of a rectifier in that it is both a non-linear and a oni- 
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lateral conductance. It is strictly 
u n ila Kcai in chat no cu rre nc flows 
in the reverse direction in any 
case. It falls short of the require* 
menrs of an ideal rectifier In hav¬ 
ing internal impedance* and being 
non'Unear at both low* and 
high-cunent regions. Departure 
from linearity in the low-current 
region may be seen by compari¬ 
son to the dotted curve in the 
figure. 



Figure 242 ^CbarjccensrU curre of » 
typical rectifier. 


An equivalent circuit for any positive value of anode voltage is 
illustrated in Figure 243. 



Actual CiKuic 



s Anode potendil 
s: Chitaclcriitic impedance 
Z ^ VatiaMe impedance—function of 1^ 
» = Emissiod potential 


Figure 243 —Equivalent reetificc circuit for positive anode vdiagr. 


4 


In many applications the inefficiency due to the internal impedance 
is not a major consideration. When it is. such as in power supply cit* 
cults where the loss of power is high, the tube with a low value of 
impedance is chosen. Usually, the non-linear response is not secioiu. 
However, in the case of precUion loscruments employing rectifiers, and 
in the case of rectifiers used as detectors, the distortion must be kept at 
a minimum. This is accomplished by choosing a tube with current 
capacity in the correct order of magnitude, and with a characteristic 
impedance which is small compared to the value of load resistance. In 
this way, the variational resistance is made to be a small portion of the 
total resistance of rbe circuit, thereby reducing the proportional varia¬ 
tion. The constant resistance values have no effect on the linearity, al¬ 
though the efficiency of the circuit is impaired by mismatch of impedance 
of the generator and load circuits. 

The introduction of gas into the envelope of the rectifier greatly 
reduces the internal resistance, thus improving the anode eflicieocy and 
the voltage regulation, but with a sacrifice of maximam inverse peak 
anode voltage. 
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The behavior of (he electronic accioa with presence of gas is some* 
what more involved. If the potential exceeds tbe ionization potential of 
the gas. electrons are knocked from the neutral gas molecales by coJhston. 
The positive ions move slowly toward ibe cathode, and since they are 
in approximately tbe saose qoanitcy as negative eketrons emicced from 
the cathode, their presence in tbe vidnity of tbe cathode reduces tbe 
space charge to nearly zero. Tbe normal dow of negative electrons 
from cathode to anode and the flow of positive ions in tbe reverse d£rec> 
tion, k cansed by a relatively low voltage which is practically constant 
for all values of currenc. This voltage is somewhat greater than the 
ionizadon potential of the gag For mercury vapor in cqoilibrium with 
merenry. the cathode to anode potential is aboot 15 volt& The current 
must be limited by means of an external resistance (so that at no instant 
docs the voltage exceed 22 volts) to protect tbe cathode from perma oent 
damage by positive ion bombardment. 

Another common type rectifier employs Argon gas. These tabes 
are commonly used as rectifiers operating at voltages ander 100 volts, 
to supply power to theatre exciter lamps, hors field srading^ etc 

3. THR£E-ELECTRCa>E RECTIFIBRS 

Thice^Iectrode vacuum tubes, or triodes. are ^en nsd as zeetifien 
for vc^ome iodicaiors, vacuum tube vedtmeters, detectocs. etc. They 
nay be operated ntbet as "grid rectifiers" oc "|rfate rectifiers." 

The plate rectifier drenit is jdinitar in operation to chat of a dk*df 
rectifier preceded by a triode amplifier. la thk cvenic. die grid »nA 



Rsnv 244-A —Tboc-dcorode Rivr 244.B — dreeit oi 

■adicr. rfiwi rlwunrfi 

anode v^tages arc so dioseq that tbe anode corrent is pcacskally at the 
cut'Off point. 7^ incoffling signal potential is api^U to the grid. 
As in an amplifier, and differing from diode drenit. rise mqied' 
ance of the load os the genetator is mfinice. Tbe ano^ oment fiow? 
during tbe posidw half cycle Mily. Tiw cment bve^ves tbe "B" 
battery voltage and tbe rignal voltage mnlHp^kd by tbe voltage ampli¬ 
fication factor of the tube, that is. 


/j = A {Ed + < + ^ £,) • 


(24fi) 
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Grid rectilicacioA depends upon the noA'Unear eondoctance of ibe 
giid'cathode space. In this case, there Is no grid bias potential, and the 
"B” battery voltage is adjusted so that the anode current is normal with 
no input signal. 





Figate 24$ ->-Cireu\t of grid rKtifUc witbosi grid bia» ponetial. 



The characteristic grid voltage'grid current curve must be available 
to determine the parameter of this circuit. (See Figure 246.) 


FtgUR 246^Ciid rolrage*grid cncccst cbancterisric curve. 

The slope of thb curve at any point is the grid resiataace at that 


The applied grid voltage is the generator voltage less the loss in the 
grid circuit impedance due to the grid current through it: 

(248) 

During the negative half of the cycle, the grid corrent is zero and 

E, = E (249) 

Daring the positive half of the cycle, the grid current is finite, and 
the grid voltage is reduced to {E — Zg /«). 

The anode current for cbe negative half cycle ia 


Ia-K (Ea 

and for the positive half cycle is 


(25!) 
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Thus, a Qon*Uflear cucreoc l!ow$ in the anode ciacuit, which fulfills 
the requirements of a rectiiier. 

The grid circuit impedance is usually a capacitance with leakage. 

The principal difference in the two methods of rectification is in the 
distortion versus voltage characteristics as illustrated in Figure 247. The 
anode rectification plan has large 
distortion at low amplitudes 
while the reverse is true for the ** 

grid rectification plan. ^ \ / 

The contact rectifier employs I \ 

the phenomenon that different I " 
resistance is presented to the flow f 
of current in opposite directions | 
at the junction of two dissimilar 
conductors. The commonly used 
conductors are cuprous oxide on 
copper. Contact with the oxide 

is made by a washer of lead tight- Fijore 247 — Dinonlon-iapat «oIn 8 « 
ly pressed against the oxide sur- ebxaeteriitk carve. 

face. This element forms a rectifier Combinations of these may be 
used to change the voltage or current capacity. A characteristic carve 
of one element is given in Figure 24S. 

This device is decidedly non-linear, but. if used as single elements, 
not unidirectional, When two or more elements are combined in a 
full-wave form, the back current is 
cancelled out. and the net current in the 1 
forward direction is equal to Che large I 
current of one-half of the circuit less the \ 
small back curtent of the other half of \ 
the circuit. Pull-wave rectifier dicoits « \ 
may consist of the center* tapped or bridge I \ 

type, which will be deacribed later. J \ 

The large variation of resiatance with I 

current density as illostrated is Figure __7"!^ ■ 

248m«theminimi«difibefectifierilw 

be used, in conjunction with . meter, foe 

measuring purposes. The common «atact twifiet. 

method of imprOTing the opersdon is by the addition of seties and 

testsunces in the rectifier damit, and mil b, described later in 
the discussion of volume indicators. " 


Carve 1 
Carve 2 
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The xesbuncC'Cerapeiacttfe coefficient of copper oxide is large, 
and as the rectifying properties of the rectifier element depend 
directly upon the resistance variation, 
some discrepancy is introduced by tern- 
perature variation when the rectifier is 
used with a measuring inmument. The 
output of any rectifier with an alteinat' 
ing-current input, is a complex current 
containing a unidirectional component 
tfnd an alternating component of a na¬ 
ture depending upon the form of the im- 
pressed current and the characteristic of Fieere 
the rectifier. For example, an ideal half¬ 
wave rectifier with a sinusoidal input and a resistance load has an out¬ 
put wave with both a direct- and an alteznaclng-curcent component. 
The direct-curredt component has a siagnitode equal to one-half the 
average value of the sine wave. The alternating component Is a com¬ 
plex wave with components of frequencies equal to the impressed 
alternating-current frequency, and with all even and odd harmonic 
components. The amplitude of the harmonics diminishes as the order 
of harmonics increases. On the other hand, a full-wave rectifier has a 
direct-current output equal to the average value of the impressed sine 
wave. The alremarlng complex wave contains only odd harmonics, 
starting with the third, of rbe impressed wave. 

If the input wave is complex, rhe output direcc-carrenc component 
is still equal to the average value of the input wave form, and the 
alternating component contains frequencies in harmonic relation to 
the components of the input wave. 

In most cases It is desirable to remove the alternating components 
from the output current, which is done by means of one or mote sections 
of the several types of low-pass filters. The type chosen depends upon 
the requirements. The chapter on filters describes the characteristics of 
the several types Illustrated in Figure 250. 



Pigon 250 — S«vm] lov-put filter iwrioae. 


If the filter is provided with a mid-shunt termination as In (C) 
and the rectifier impedance is low compared to (be load impedance, the 
potential of the direct-current component increases and approaches the 
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peak value of the impressed alternatifig wave, rather than the average 
value. 

Use ia made of ibU action in ccruin apparatus such as volume indU 
cator circuits, noise*reduction control citcoica. etc. 



Rectifier* are not ideal from the standpoint of llneai ccmductance- 
For tbU reason, the output wave form and even the direct'cnrcent com* 
pcment of the output i* a complex function of the input wave form, and 
for use as a meaenrUig iascmmeoc. the non-Huearitf must be reduced to 
a low value. 





Chapter XXIV 

VOLUME INDICATORS 

by FRED ALBJN 

1. TYPES OF VOLUME INDICATORS 

In sound tecording and sound reproducing systems, the sound 
iacensity (pressure ampHrude of tbe sound wave) is directly propor¬ 
tional to the voltage amplitude in the electrical circuit. Therefore, an 
indicator which responds to the electrical amplitude is also an indicator 
of tbe sound level. Such an instrument is called a volume or power 
level indicator and is a voltage operated electrical device which has es¬ 
sentially tbe same function as an ordinary voltmeter used in everyday 
electrical measurements. 

These volume indicators have a scale which is usually calibrated in 
decibels, which scale ts referred to some arbitrary power value called 
tbe reference level. The indicator is calibrated in shunt with a definite 
value of non-reactive impedance and its subsequent use requires match' 


' 


Figure 252 — Method ol iawtnng volume indkaior 
ioto ciccdc to be measured. 

Ing with this identical impedance value or > correction factor must be 
applied to account for the difference, bec'weea the impedance used in tbe 
calibration a ad the impedance of tbe circuit under test. (See Figure 
252.) 

Fof example, the reference power level usually used in the motion 
picture industry is 6 milliwatts (O.OOfi watts) and the common circuit 
impedance is 500 ohms.* 


*Nom: Is tbucMt (he impedance of bpcb (b« geocrafor aad l6ed ii 500 ehma. 
and (be it&pedance of (be power 1 ml indicator li relacivelr indnicely high, ihai U. in 
the Older of 5000 ehme. vbich mulu in ooly a smaU bridgiog lose when (be indiucot 
u coniiKted to cbe 500 cbm circok. 
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The poreniial applied to the power level indicator under operating 
conditions is 


E^V^rZ' C252) 

where £ — potential applied to indicator circuit io volts 
V/ = power in watts 
Z — non-reactive impedance of load 
If at any instant the power is 6 milliwatts (which is the reference 
level used) the Indicator reads ' zero level*' and the voltage applied at 
the terminals of the indicator is 


£=sV0 006 X 500 1.73 volts 

All other power level values as expressed in decibels are determined from 
the formula; 

Power level in db ss 10 logi« (See Page 520) (25 3) 

where Po = 0.006 walls 

Pi s power level reading 

The correction factor to be applied when the load impedance 
dilfers from the ealibraiion impedance, is given as 

Correction factor in db s 10 logjo ^ (254) 

where Zg = calibration impedaoce (500 ohms) 

Zi sz load impedance 

71>is correction factor should be added to the reading of the indicator. 

The nature of the speech energy to be measured by the volume Indi* 
cator is very complex as it contains frequency componenrs ranging from 
40 to 10,000 cycles per second as well as transient characteristics with 
large deenmencs. 

The requirements of the vdume indiaior greatly exceed the usual 
requirements of a voltmeter in that the response must be uniform over 
this wide frequency range and the motioa muse be damped so that the 
indicator responds to the rapidly eban^g am^ltude of the wave. For 
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these reasons, the large majoricy of volame indicators use a movemeoc 
employing the 4*Arsonval pdociple, which movemeoc i$ preceded by a 
re<ti£er which conTcrts the alternating speech current to a anidireccional 
carreot. (See Figare 253.) Such a combination can have a full scale 
sensitivity of 3.4d volts and a resistance of 5,000 ohms without using 
vacuum tubes m the circuit. When either a vacuum tube rectibec of the 



Fleur* 254—Volume bidineer with arid rrcri£er. 


tbree*el tetrode type or a pie*amplifier is used the sensitivity may be 
substantially increased and at the same time the bridpng impedance 
increased to practically infinity. (See Figure 254.) 

The assumption of an ideal rectifier and uniform current scale meter 
as an indicator, gives readings which are proportional to the average 
value of the complex wave, The "work values” of the wave, however, 
are the root'mean'Squace (r.m.s.) values. The energy of sound in 
ait i$ also proportional to the r.m.s. value, However, the energy which 
overloads amplifiers, modulatora. etc., is the peak or maximum value of 
the wave. It is therefore this value in which the sound engiueer t$ In* 
terested when controlling overload. 

The relations between the rhree valnes of the wave, that is. the 
average, (be peak, and the r.m.s. values, are dependent upon the com- 
ponent frequenciea and their phase rcUtions, Studio experieuce has 
taught the sound engineer to allow for the large difietence between the 
t,m,8. value, as read by the indicator, and the probable peak value, by 
providing a safety margin. 

In sound recording, in order to maintain a high ratio between 
signal and noise level, it is imperative to record the signal level as high 
as permissible t^thouc risking Modulator overload. To aid the sound 
mixer (who controls the amount of modulation recorded) in determin¬ 
ing (he peak value of the signal, a "peak-reading** volame indicator is 
Q^. In this type indicator a rectifier with a capacitive reactance load, 
as described in the chapter on rectifiers, is employed. The response ia 
approximacefy proportional ro the peak value of the speech wave. 
Figure 255 showa a simplified circuit of such a power level indicator. 

A otbode ray oscilloscope, another type of volume indicator, 
has the advantage of indicating peak values of any complex wave wid) 
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component* which are in excess of 10,000 e p.s. It has the unique merit 
of being practically without inertia for these frequencies, Che greatest 


A S<nfiTi*iCT coanol 
B = LInearipeetli fivqseecr aapllSer 
Cs? poll'wave rKiSSre 
Ttmlne cIktiU 

E ^ LineirCicecC'CgrMnc asipMfier 
F = Indiatio* meter-^Meem direction 
FiSQte 25$ — Qreuu ol puk reedin* volome indicator with linear re»poni«. 

limiting factor to the speed of its response being the letendviry of the 
obserrer’s eye. The amplitude of cbe displacement of the sweeping 
beam (osciUogtam) is proportional to the ToUage output of the testing 
citcoic to which the oscilloscope deflecting plates are connected. 

2. SCALB LENGTH OF VOLUME INDICATORS 

Sound recording levels cover a range oi about 30 decibels, which 
represen u an amplitude ratio of approxtmauly 33 to 1. On a linear 
scale the low level would cause an indication of only 3 % of that caused 
by cbe modulation of the 30 db above this low level. As ic is only the 
high-level values in which we are asaall? interested, that is. in levels 
between 90% and 100% of the highest level, indicatocs for low levels 
are relatively unimporunc as far as studio practice is concerned. As a 


Com 1 s Uaar dtdbd scili 
Cam 2 B Ubcu lapfirvdi aole 

Figecc 25d — Rc^OBB came af two rrp« of iadicutoo diowioe 
dw fntB B Miihity «t low iapoi mguS trvds 
fee topcBhadc sbwoml 
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consequence* a scale which is much more desirable than Che linear scale 
U one on which equal increments represent uniform decibel steps of 
level: that is, the response of ihe indicator should be proportional to 
the log of the voltage applied to its terminals. The range of such an 
indicator may be increased many limes over one employing the linear 
scale. (See Figure 256.) 

One method of providing this exponential response is to shape the 
pole pieces of the galvanometer movemenc in such a way chat an increase 
of current in a logarithmic manner causes a linear defection. This* how¬ 
ever. appreciably decreases (he damping* especially at large scale readings* 

Another method ia in the addition of an amplifier having an ex¬ 
ponential response. Such an amplifier must have an output which Is 



A = Sciuiiivirr conifol 
B s Lintar speech-fxn]ii<fl<y amplilier 
Cas Fa1l*«a«e KdiAer 
D =: Timing clicolt 

F = Direci'cucimi anipli6ec with exponential ctsponse 
G s Indicating mner. 

Figure 2$7 ~ Circuit ef peak reading volomc indicator viih linear detibet tcale. 


propoctional to the log of the input voltage over the desired range in 
level. Figure 257 illustrates the position of such an exponential ampli' 
iier in the volume level indicator circuit. 

Another type of volume indicator in use. which responds to the 
peak values of complex waves over a very wide difference of level* con¬ 
sists of a horizontal row of 15 Neon lamps arranged adjacent to a suit¬ 
able scale. Each lamp is associated with an Individual amplifier and 
attenuator* with all amplifiers connected to the common input circuit. 
The overall sensitivity of each lamp and circuit diminishes in 3 db 
steps from one end of the scale to the other* so that the lamp on one end 
glows at the lowest level* while the lamp on the other end requires a 
level of 45 db above the first level before it glows. Thus the progress 
of the illumination from the low level side of the scale is an iodicatioo 
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of che power level. The feet thee the Neon lamps l^eih over* or etrike, 
et a certain peak potential makes this instrument a peak responding 
device. 

Most volume indicator circuits are eqoipped with calibrated attenu¬ 
ators to extend their useful range. The bridging loss over all values of 
attenuation level and frequency must be constant to avoid introducing 
frequency or amplitude distortion in the circuit under test. 

In general, all types of indicators which employ rectihers, etc., and 
which consequently depart from the ideal, ace calibrated empirically and 
so have a scale which automatically eliminates errors in reading due to 
distortion characteristics of any equipment in the circuit 
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Chapter XXV 

ELEMENTARY CONSIDERATIONS 

By A. P. HILL 

1. CONSTITUTION OF MATTER 

Matter may bz classiited under cwo headings: (a) Ekmenti: and 
(b) Coinpouods. 

A compound is composed of two or mote clemenu: an example 
being water, which is composed of hydrogen and oxygen. An element, 
on the other hand, does not consist of any matter as ordinarily inter* 
preted ocher than that which it represents. 

If an analysis is made of a compound such as water, it shows chat 
the smallest particle of water chat can exist as such is composed of 
two minute particles of hydrogen and one of oxygen. These three 
particles combine co form what is known as one molecule of water, a 
molecule being the name given to the smallest partieje of a compound 
that can exist as such. 

An analysis of an element such as hydrogen shows chat there is no 
material other chan hydrogen in its makeup: and the smallest particle 
of an element that can enter into any chemical combination is called 
an atom. The chemical symbol for water — H 3 O — indicates that one 
molecule of water consists of two atoms of hydrogen and one of oxygen. 
Sulphuric acid ~ the chemical symbol for which is HsSOt — indicates 
that one molecule of this ^bscance is composed of two atoms of 
hydrogen, one of sulphur, and four of oxygen. 

At one time the atom v^s considered Co be the ultimate particle of 
matter. In fact, the word ''atom'’ means something that cannot be cat. 
In more recent years, however, it has been discovered that the atom 
itself is a complex structure and its construction has been likened to 
that of our solar system which has Che sun as its nucleus, and surround* 
iog it various planets, each revolving around the sun in ice own 
orbit. Similarly, an atom consists of a nucleus and minute particles 
surrounding it: these particles have been named ’’electrons." All aroms 
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consist of similar particles each having a nucleus and varying numbers 
of electrons suncunding it. 

Thns it can be shown that all macceir consists fundamentally of 
the same elemental particles, and just as with a quantity of bricks, 
a simple or complex structure can be erected, so with the same elemental 
particles, simple and complex elements exist, some necessitating the 
use of a minimiun numbet of panicles, others being much more com¬ 
plex. An example of the latter is a molecule of cane sugar Urhich is 
composed of 12 atoms of carbon, 22 of hydrogen, and 11 of oxygen. 

2. ATOMIC WEIGHTS 

Table II b a list of all known elements arranged iu order of their 
respective weights. Included in the list is their chemical symbol and 
the atomic weight of each which expresses how many times heavier each 
atom is than the atom of the lightest substance, i.c., of hydrogen. As 
a matter of convenience, chemistry does not refer the atomic weights 
to hydrogen directly, but rather to the 16(b part of the weight of an 
atom of oxygen. The discrepancy occurring by this method is negligi¬ 
ble. It will be noted chat there are two blank spaces in this list of 
elements, namely ^5 and 67. Elements which will eventually occupy 
these two places have not yet been discovered. Nevertheless, many of 
their properties arc already known. 

Several years ago the second place in this list of elements was vacant. 
Finally its presence was discovered, by means of spectrum analy^. in 
the sun. It was consequently named after the sun *'bellam’*.— and 
later was discovered on the earth and is now used, as is well known, in 
the iadacion of dirigibks. 

3. SIZES OP ATOMS AND ELECTRONS 

As described above, an atom of any of the 92 elements consists of 
a nucleus with one or more electrons tn orbital motion around it. 

So far as it known, the nucleus consists of both positive and negative 
electricity*, and normally in any atom the amounts of positive and 
negative eiccerkiTy are equal, thus resulting in an atom chat has no 
definite ekctrical charge. 


*NOrU: Beca«c of Ibe pwpoM fee wbich (his it iafOided. ao mnuoa 
ttudr ef (be pccncc a da eadtei of drotreoi, pewtivt d«crc(u. etc, Tbk lofMoa- 
U«A o« U ohaiotd fteo ^ EcS £|iann» Ttdtntttl JoiffTwI for i^y. aa4 

soccttdiac Buben "Canttmpettet/ Advmett m Phvtkt — Tht Nxltm.'’ by 
KmS K. Dntew. 
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B.emgmbering that a compound consists of two or more molecules, 
each molecule consisting of two or more atoms, and each atom consist' 
ing of a nucleus with one or more electrons in motion around it. it may 
be of interest to state the relative dimensions of some of these particles. 
The dimensions of an atom of hydrogen (the lightest known element) 
are: 

Diameter ^1.1 x 10"®* centimeters 

Mass — 1.6^ X 10"®* grams 

The dimensions of an electron are: 

Diameter =3.2 x 10~*® centimeters 

Mass = 8.9 X 10““ grams 

Electrical charge = 1.59 x 10“*® coulombs 

The above dimensions give very Hccle practical idea of the minuteness 
of the particles with which we are dealing. Various descriptions have 
from rime to time been given to illustrate these rnicroscopic values, one 
of which is that if a baseball were magnihed to approximately the size 
of the earth, an electron magnified the same riumber of times would be 
about the size of the head of a small pin. 

TABLE II 


The Natural Sequence of the Eleioenta 


ATOMIC 

NUUSEK 

STM SOL 

NAUe 

ATOMIC 

WriSHT 

1 - 

- - H ' 

• - Hydrogen - 

' . . . 1.0077 

2 . 

' • He • 

' - Helium 

... - 4.00 

3 ' 

' - Li . 

• - Lithium 

.... 6.939 

4 - 

' - Be ' 

- Beryllium - 

.... 9.02 

5 • 

. . B • 

• • Boron • • 

.... 10.82 

6 - 

• - C • 

. . Carbon 

.... 12.000 

7 - 

- - N ' 

- Nitrogen • 

... - 14.008 

fi • 

..O' 

• - Oxygen - 

- - ' . Id.OOO 

9 ' 

' - F ' 

• - Fluorine 

.... 19.00 

10 - 

- - Ne - 

• - Neon - 

.... 20.2 

11 - 

' • Na ' 

• - Sodium 

.... 22.997 

12 ' 

. . Mg. 

. ' Magnesium 

.... 24.32 

13 ' 

. - A1 . 

- - Aluminum 

.... 26.96 

14 - 

• ' Si - 

• - Silicon • - 

.... 28.06 

15 ' 

. . P . 

• - Phosphorus 

.... 31.024 


•NOTE: IO-*s_ _ _ = 0.000,000,01. 

100.000.000 
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ATOMIC 

NUMia 

16 - . 

17 . . 

18 - . 

19 . . 

20 - - 
21 - . 
22 • - 

23 - . 

24 - . 

25 - . 

26 - . 

27 . . 

28 . - 

29 - . 

30 - . 

31 . . 

32 . . 

33 - - 

34 . - 

35 . . 

36 . . 

37 - . 

38 . . 

39 . - 

40 - . 

41 . . 

42 - . 

43 . . 

44 . . 

45 . - 

46 . . 

47 . . 

48 - . 

49 . . 
,50 . . 

51 . . 

52 . . 

53 . . 

54 . . 
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TABLE II (Concinaed) 


SrUML 

NAMI 

ATOMIC 

WIISKT 

. s - - 

' Solpbur - ' 

• ' • 32.065 

• a • • 

• Chlorlae • - 

- • - 35.458 

. A . . 

• Argon • - • 

• - • 39,91 

• K • • 

* Potassium * 

- • • 39.095 

- Ca - - 

' Cilcmm 

' ' • 40.07 

• Sc • • 

* Scandium > 

' - • 45.10 

- Ti - . 

- Ticaamm - • 

- • • 47,9 

. V . - 

• Vanadium - 

' - ' 50.96 

• Cr - - 

' Chrominm 

- • ' 52.01 

- Mn. . 

* Manganese* 

' • ' 54.93 

• Fe • - 

• Iron - - . 

- • • 55.84 

• Co . . 

“ Cobalt - • • 

• • - 58.97 

. Ni . . 

- Nickel - - . 

• - • 58.69 

• Cu - . 

' Coiiper - • - 

• • - 63.57 

- Zn . . 

- Zinc ... 

• “ - 65.38 

' Ga - . 

' Gallium 

- • • 69.72 

- Ge . - 

' Germanium 

• • ' 72.38 

- A« - . 

• Araenic • - . 

• - - 74.96 

• Se . . 

Selenium • 

• ' - 79.2 

- Br . . 

• Bromine - 

• • • 79.916 

• Kr - - 

• Krypton - • 

• - ' 82.9 

- Rb - . 

* Rubidiam • 

- • - 85.44 

- Sr • • 

* Stroncico] • 

• ' • 87.62 

- Y . - 

- Yttrium • • 

• • - 89.0 

• Zc . . 

• Zirconium • 

• - • 91.0 

- Nb - - 

• Niobium • • 

• • • 93-1 

- Mo • • 

• Molybdenum • 

• • • 96.0 

- Ma- . 

• Masurium * - 


• Rn . . 

' Rntbenium 

- • • 101.7 

• Rh - - 

* Rhodium • 

• - • 102-91 

- Pd . . 

- Palladium • 

• • • 106.7 

• Ag - . 

• Silver - • . 

• ' ' 107.880 

' Cd - - 

' Cadmium • 

' - • 112.41 

- la • - 

Indium 

- • - H4.8 ' 

“ Sb - . 

'Tin ... 

' • - 118-70 

' Sb • > 

' Antimony' * 

• - • 121.77 

• T< • . 

- Telluxium • 

- - • 127.5 

• I . - 

* Iodine • . . 

• • - 126.932 

• X • - 

' Xenon ... 

• ' • 130.2 
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TABLE II (CoBtiniud) 


ATOMIC 

NUUAIR 



SVMIOL 



NAME 

ATOMIC 

WltaiTT 

55 

• 

. 

. 

O - 

. 


Caesium > . . ^ 

- 132.81 

56 

_ 

. 

. 

Ba • 

- 

- 

Barium .... 

• 137.37 

57 


- 

_ 

La - 

. 

. 

Lantbaaum - - . 

- 138-91 

58 

. 

. 

. 

Cc . 

_ 

. 

Cerium .... 

. 140.25 ' 

59 

- 

- 

• 

Pt • 

. 

• 

Pfasaodymium > ' 

• 140.92 

60 



- 

Nd - 

• 

. 

Neodymium ... 

- 144.27 

61 

. 

. 

- 

11 - 

- 

- 

Illmium .... 

. 

62 


. 

. 

$a . 

. 

. 

Samarium - . - . 

- 150.43 

65 

- 

- 


Eu - 

- 

- 

Europium .... 

- 152.0 

64 

. 



Gd . 

. 


Gadolininm - . 

- 157.26 

65 

. 

. 


Tb - 

. 

. 

Tetbium - - - - 

- 159.2 

66 

. 

• 

. 

Dy - 

- 

- 

Dyaproainm - . . 

• 162.52 

67 

- 

- 

- 

Ho • 

- 

- 

Holmiuffl - - - . 

- 163.4 

68 

. 

. 

_ 

Ef - 

. 

. 

Erbium .... 

. 167.7 

69 

. 

. 

. 

Tm • 

. 


ThuUam .... 

- 169-4 

70 

. 

_ 

_ 

Yb • 

. 

. 

Yiterbium - - - • 

• 173.6 

71 

. 


. 

Lo - 

. 


Lutecium .... 

. 1^.0 

72 

. 

. 

. 

Hf • 

. 

. 

Hafnium .... 

• 178,6 

73 

- 

- 

- 

Ta - 

• 

- 

TanTalcm - • - • 

- 182.5 

74 

• 

. 

. 

W - 

• 

- 

Tungsten - - - • 

- 184.0 

75 

. 


. 

Re - 

- 

. 

Rhenium .... 

. 

76 

. 

. 

. 

0« - 


_ 

Osmium - - - - 

- 190.8 

77 



. 

It - 

- 

. 

Iridium ... - 

. 193.1 

78 


. 

. 

Pt • 


. 

Platinum - - • - 

- 195.23 

79 

. 


. 

Au . 

- 

. 

Gold. 

- 197.2 

80 

• 

. 

. 

H« - 

. 

- 

Mercury - - . . 

' 200.61 

81 

- 


. 

TI - 

. 


Thallium .... 

- 204.4 

82 

. 

. 


Pb • 

. 


Lead. 

• 207.20 

83 



. 

Bi . 

. 

. 

Bismuth . - - . 

- 209-00 

84 


. 

. 

Po • 


. 

Polonium .... 

• (210) 

85 









86 

• 

- 

• 

Rn • 

. 

• 

Radon (Ra emanation) 

• 222 

87 









88 


. 

. 

Ra • 

_ 

_ 

Radium .... 

- 225.95 

89 

. 

. 

. 

Ac • 

_ 


Actinium .... 

- (226) 

9D 


. 

. 

Tb- 

• 

. 

Tboeium ... - 

• 232.15 

91 

. 

. 

. 

Pa - 

. 

. 

Ptotoactinicm - > > 

' (230) 

92 

. 

. 

. 

U • 

. 

. 

Uranium .... 

. 238.17 































Chapter XXVI 

STATIC ELECTRICITY 

Bv A. P. HILL 

Electricity^ as ordinarily understood, may be described under two 
headings: (a) Static, and (b) Dynamic electricity. Before discussing 
these it will be advisable, however, to give some consideration to the 
media in which electrical charges move. 

1. CONDUCTORS AND INSULATORS 

All materials may be ciaasifkd as either conductors ot insulators. 
There Is, however, no fundamental dijTerence between the conductor 
and the insulator, the latter describing merely a poor conductor. 

From our knowledge of the electron described in tfae previous 
chapter, we see that each electron has a definite electrical charge, namely: 
1,59 X 10-‘•coulombs, A number of years ago. before it was definitely 
known wbat constituted an electrical currenr. it was assumed that it 
consisted of a flow of some kirid from the positive to the negative pole 
of the generating source. This is now known to be incorrect, a current 
of electricity consisting simply of a dtift of electrons along a conductor 
from the negative to the positive pole of the generator. In all text' 
books written up to the present time, the old classical theory describ' 
iflg a current flovr as taking place from the positive to the negative pole 
of tbe source of supply is used Throughout the following discussions 
(i.e.. the remainder of this book), hov^ever. acutreot flow of electricity 
will always be considered as being a movement of electrons from the 
negative to the positive pole of the supply source, in the external circuit. 

In some substances the nucleus of the atom exerts a strong retentive 
force on tbe electrons surrounding it. It Is consequently difficult to tear 
these electrons loose from one atom and pass them on to the next in 
line tn a material. If this condUtoo exists, tbe material is called an 
insulator. If, on tbe other band, the retentive force of the nucleus on 
(he electron is relatively weak it k comparatively easy to move these 
electrons from one atom to tbe other in a direction from tbe negative 
to the positive pole of the generacot. Such a subsunce is called a 
conductor. Silver, copper and <xmin other metals are examples of 
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good conductors. GUss, ebonite, etc.» are poor conductors, and there' 
fore, good insulators. Table III. at the end of this chapter, gives a list 
of some of the better known conductors and insnlators in the order of 
their conducting ability. Consequently, at the head of the list will be 
found those substances that are usually considered to be conductors, 
and at the bottom those that are usually considered to be insulators. 

2. SOME ELECTRICAL UNITS 

An analogy for the flow of electrical current is that of the flow of 
water through a pipe. Figure 258 shows such a system. 



FisDK 258 — Mechanical anal^jy fercarrent (tow. 


The flow of water taking place is usually said to consist of a certain 
number of gallons pec minute. In the electrical case we have a cor¬ 
responding unit of quantity, the name of which is the "coulomb**. 

Since, as previously mentioned, the charge of an electron is 
1.59 X 10~^* coulombs, a coulomb of electricity consists merely of 
6.3 X 10^^ electrons. In a similar manner, a gallon of water could be 
shown to conaUc of a certain number of minute particles or drops. The 
practical units in these two cases, however, are the gallon and coulomb. 

As in the case of the water analogy, the rate of flow is expressed in 
gallons per minute, so in the electrical case the rate of flow can be 
expressed in coulombs per second. Another name has been given to 
this nnic: That of *'ampere.*' which is a rate of flow of one coulomb 
per second. 

Since a curreat flow of electricity consists of a drift motion of 
electrons through a conductor, it is necessary to apply an electrical 
pressure to the dtenit in order to start the electrons in motion. The 
unit of electrical pressure is the volt, and it is described as that pressure 
which will maintain a current flow of one ampere against a resistance of 
one ohm. 
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The uoii of tesbtioce \s cbe ohm: it is th« amount of te^stance 
offered by a column of uicrcnfy 106.3 centimeters high and weighing 
14.4521 grams at 0* C 

3. DISPLACEMENT CURRENTS 

la a water system, as shown in Figure 259, if a rubber diaphragm is 
stretched across the pipe as shown at a and a pressure be applied in 
a direction shown by the arrow, the diaphragm would be displaced 
due to the difference in pressure exerted on its two sides. 


a I'l 




WATep~\^ 

PUMP 


PilBi* 259 — ABJlogr foe clurg« ob a coodenm. 


The water in this case would merely be displaced and there would not 
be a steady £ow unless the diaphragm were broken. Similarly in the 
electrical case, if an electrical potential is applied to the circuit shown 
in Figure 260. the electrons in the circuit would be displaced and a large 
number of them piled Qp on the plate a. thus gmng it a negative 
static charge as indicated. 
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In thU case the insularing medmm between the two condocting plates 
a and b acts as the rubber diaphragm in (be previous analogy and 
prevents the electrons from dewing steadily around the circuit. Such 
an arrangement of two conducKng plates separated by an insulator 
is called a condenser. 

4. CAPACITY OP A CONDENSER 

The action taking place in an electrical condenser may be shown 
to bear a considerable resemblance to chat of a rubber balloon. If air 
is forced into the balloon at a pressure of one lb. per sq. inch, the balloon 
will be distended and. depending upon the elasticity and thickness of 
the material of which the balloon is composed and its initial size, a 
certain number of cubic inches of air will be forced into ic. Now. if 
the pressure be increased to two lbs. per sq. inch, mote air will be forced 
in. and if the pressure be raised too high, (be sides of the balloon will 
eventually burst. It is obvious from this description chat (he capacity 
of such a balloon cannot be stated without specifying the pressure that 

is to be applied. A convenlect method of expressing the capacity wuuld 

be the number of cubic inches of air the balloon would hold upon 
application of a pressure of one lb. per sq. inch. Similarly in the ease of 
the electrical condenser, the number of electrons that can be forced on¬ 
to a condenser plare will depend upon the size of the plate, the type of 
insulating material separating the two plates, and its thickness. 

Some insulating materials conduct electrostatic lines of force better 
than others. The basis of comparison of the different materials is taken 
as chat of air at atmospheric pressure and the ability of a substance to 
conduct these lines of force as compared with air is called the dielectric 
constant, or specific inductive capacity. In Table tV. at the end of 
this chapter, is shown a list of materials and their specific inductive 
capacities. 

A condenser of unit capacity is one in which, when a pressure of 
one volt is applied, one coulomb (6.3 x 10^^) electrons Is forced into it. 
The unit of capacity is termed the farad. 

The above statement expressed mathematically is: 

C = -|-or<? = CE 

where C capacitance in farads 

Q ss quantity of electricity in coulombs 
£ a pressure In volts 
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From the above description Ic will be realized chat the capacity of 
a parallel plate condenier is determined by (1) the area of the plates. 
(2) the number of plates. (3) the dielectric coascant. and (4) the 
thickness of the dielectric. The formula expressing the capacity of a 
parallel plate condenser is as follows: 

^ _ S.B4KA (n-1) 

10»Xf 

in which C = capacitance in microfa rads 
K = specific indcctive capacity 

A = area of one side of one plate in square centimeters 
n = number of plates 

I = thickness of the dielectric in centimeters. 

NOTE: For tlK upaeicaiuf of oHter crp«s MBdfBKn »e Borcio of SrandArdi 
circBjar No. 74. Re^io Intfrumtnts ap4 Mnituetmtnti. 


TABLE III 

Redstivicy and Temperature Coefficient 


MATIIIAL 

Silver. 

Copper— 

Pure 

Annealed International Standard 
HardDrawn 

Lead -.. 

Alominuna 

Steel, hard.. 

Tungsten. 

Zinc 

Braas. 

Platinum 

Tin.. 

Iron, commercial. 

Nickel. 

Steel, rail.. . 

Taotajum. 

Steel, soft 

Gold ... 

Platinum* iridama - - . . . 


aoiSTivirr 

TUteUATvac 

IN ONUS ea 

cocpncirNT pn 

UIL-FOOTAT 

DKISE c PCS 

a* c. 

OHM AT B* c 

9.89 to 11.2 

0.00435 

10.15 

0-00447 

10.4 

0.00427 

10.7 

0.00413 

12.1 to 12.9 

0.00426 

17-0 

0.00423 

28.5 

0.00165 

35,8 

0.00423 

36-4 to 39.6 

0.00435 

39 

0-00102 

58.5 to 100 

0.00412 

63 to .75.5 

0.00405 

66-4 CO 81.4 

0.00618 

72.3 to 84-4 

0.00682 

83,5 to 130 


93.8 

0.00285 

105 

0.00448 

J33 to 136 

0.0040 

148 

0.00123 
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usimvirr 

TeMPEAATuee 

WATI»(AL 

IN OHMS m 

COIMICIENTPEK 

MtL.POOTAT 

QlCftie c. PEA 


»*C. 

0MUATQ*C 

German Silver • 

.181 

0.000363 

Manganin ' > 

. 250 to 450 

0.000301 

Antimony - 

.251 

0,00423 

Monel Metal 

.257 

0.00206 

tala .... 

.295 

0-000005 

Constantin > 

.300 

0-000005 

Advance Metal > 

.326 

0-000018 

Superior - - - 

.521 

0.000823 

Mercury. - - 

.580 

0.000713 

Iron, hard cast > 

.592 


Nichrome - - 

.670 

0.000444 

Nichtome II - - 

.670 

0.00016 

Bismuth • • - 

.718 

0.00505 

Caloritc • • - 

.720 

__ 


TABLE IV 

Specific Inductive Capacities 
Dielectric Constants (Average Valnes) 


MATtftlAl 

piiLrcnic 

CONSTANT 

MATIRTAL 

SIELCCTRIC 

CONSTANT 

Air • « - 

... 1 

Class, hard crown - 

. 7.0 

Paraffin 

- - 2.1 

Glass, flint • • ' 

. 9,9 

Petroleum • 

... 2.1 

Alcohol (0® C), amyl 17.4 

Benzene 

... 2.3 

Ammonia • . . 

. 22 

Ebonite 

. - - 2.7 

Acetone - • . 

. 26.6 

Shellac ^ • 

. - - 3,1 

Alcohol (O-C). ethyl 28.4 

Gutta'petcba 

. - - 4-1 

Alcohol(0°C).methyl 35 

Mica 

... 5.8 

Glycerine ... 

. 56.2 

Class, lead • 

... 6.6 

Water (pure) • . 

- 81 


Dielectric Strengths (Average Values) 


MATERIAL 

OIELICTRIC 
STRDI6TM IN 
VOLTS PER 

ciNTu/rrin 

MATUIAL 

6IIICCTRIC 

strenctm in 

VOLTS PU 
CENTIMCTU 

Air - - - 

. . 30.000 

Gutca*percba * 

120,000 

Mica 

- . 60,000 

paraffin ... 

120,000 

Transil Oil 

. . 90.000 

Bakelice * . . 

150,000 

Glass ' ' 

- - 100.000 

Ebonite - - • 

600.000 





















Chapter XXVII 
DIRECT CURRENTS 

£ir A.P.HILL 

Ai explained in the previous chapter, a current flow of electricity 
coosUts of a drift motion of electcons around a circuit from the negative 
CO the positive pole of the voltage source. 

Although, in moving in a vacuum, the electrons Travel almost with 
the speed of light, le., approximately 186,300 miles a secoud. in the 
case of a direct current in a conductor the actual progression of the 
electrons in the circuit is very much slower, in some cases possibly 
only a fraction of a centimeter per second, and since, in order to obtain 
a current of one ampere, it is necessary for 6.3 x 10^* electrons to pass a 
given point in the circuit pec second, it is obvious that a very dense 
flow of these particles must occur. 

I. ELECTRICAL PRESSURE 

In order to obtain a flow of water through a pipe it is necessary to 
have a difference in pressure between the two ends of the pipe. If the 
pressure at these two points was the same, no matter how high it might 
be, no flow of water would take place. Similarly, in an electrical circuit 
in order to produce a drift motion of the electrons along a wire, it is 
uecessary that a difference in pressure or potential be applied. The 
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amount of flow wil! deptnd not on tb« absolute potential at uif one 
point, but on the difference of the potential between the two. points 
ander consideration. 

In Figuie 261, if tbe wire Is of uniform resistance, differences of 
potential along its length will be as indicated. 

This conception of "drop in poteotial" 1$ extremely important and 
should be clearly understood. 

As previously mentioned, the unit of pressure or potential is the 
volt. 


2. OHM'S LAW 

The amount of current flow cbat takes place in a drcnic is deter* 
mined by the pressure applied and resistance of the circuit. The relation¬ 
ship which exists is stated in Ohm's Law as follows: 


from which 


and 


Current = 


Pressure 

Resistance 


Resistance 


Pressure 

Current 


Pressure s Resiscance X Current 


The foregoing expressed mathematically, using the conventional 
abbreviations, is: 



E = RI 


where £ ^ pressure In volts 
R = resistance in ohms 
I corrent in amperes 





HgQR 262 ~ Tb( camot nay W ealcsbied wImr cnctsBce aail voluft are sl*«a 
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Applying Ohm's Law to the ciKuit of Figure 262. 

If the cutreot and voltage had been gives, the tesUcanee could have 
been calculated from: 

R=-|- = ^=8ohins 

or, if the values of resistaoce and current bad been gives, the voltage 
could have been calculated from: 

E^RI=Z X 3 = 24volts 

Prom this it will be seen that if any two of the three quantities 
involved are known, the rblrd can be calculated by the application of 
Ohm's Law. 

3. RESISTANCES IN SERIES AND IN PARALLEL 

Resistances may be connected in series as shown in Figure 263. or in 
parallel as shown in Figure 264. 
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The tocal resistance of tWQ or more resistances tn series is equal to 
their sum, i.e.: 

^ = n -f- r- H- r* +.. 

Thus in Figure 263 the total resistance R = 6 + 4-f 12 = 22 
ohms. 

The rotal resistance of resistances in parallel may be calculated 
from the formula; 


1 —i. 


+^+;t+ 


so that the total resistance of the circuit shown in Figure 264 may be 
calculated as follows: 


I-14-i-L ± - 2 +l±i - ± 

i? = ^ = 2ohms 


4. SERIES.PARALLEL ARRANGEMENT OF 
RESISTANCES 

It will be realized that resistances in a circuit may be connected in 
a more complex manner chan those shown above. The solution of the 
more complex circuits is. however, reducible to the elements described 
above. 


•fw 



Pifun 24S — Compound irungcmcni of (hret branches in parallel. 


For example, in the case of the circuit shown in Figure 265, the three 
branches, a, b, and c, are in parallel with one another. The reaUtances 
in each branch, however, being in series with one another, should 
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first be added in order to obtain the total resistan<e of each branch; thu 
the total resistance of branch a is 12 ohmSr branch b is 6 ohms, and 
branch c is 24 ohms. The total resistance'of the complete circuit is 
therefore calculated as follows; 

I _ 1 W 1 Ll+l+l-I. 

■S” 12'’^6'r24“ 24 ”24 

R=^ = 3.42SH-ohm5 

Another type of circuit which will be diKUssed more in detail later 
is shown in Figure 2fid. 



FitQM 264 — "T" trpe necvork. Rea^uoMi b as6 d an togertier Iq nanUd iHtb e, 
»od tb« coBbisatioB in miei with s. 


lu this instance, resistances b and d. which are in series with one 
anothet, are together in parallel with teslscacce c, and this whole com¬ 
bination is in series with resistance a. 

■ The total resistance of tbU dicmt is then calculated as follows: 
6 4* d = 150 ohms 

Tbe total resistance of e in parallel with d and 6 b 

i- ^ 4. 1 -l±i_ J_ 

R 75 “^no 150 ”150 

R (of c, b, and d) = 50 ohms 

and tbe resbunce of the complete drcuit b there for the sum of r, b. and 
d in series with a. 

or R (total) = 50 + 50 100 ohms 

Another method of statement for the resistance of two resistances 
in parallel u: 


R 


Xfa 

ri4.r, 
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Using this method of eirpressioit a complete statement o£ the 
drcnic shown in Figure 266 could be written as follows: 


= tf + 


b + d 


= 50 + 


75 (50 


= 30 


>- 75^50 + 100 

. 11.250 


= 50 + 50 
= 100 ohms 

There are several methods for the graphical solution of resistances 
in parallel, one of which ia shown in Figure 267. The total resistance of 
any number of resistances in parallel may be found by using this chatc 
in the manner indicated. 

GRAPHICAL SOLUTION OF RESISTANCES IN 
PARALLEL • 


To ihov tbsl ibt line sou tbe tbre* 
ridjaiiag »x*$ la tbe abore figore ia Talwi 

of R. Ra eod Rj char ncuf? 

R Rt R« 

wfaere tbe R'l are meeeored froa tbe eoffl' 
oion pmot aod tbe togle berweeo (be ad- 
janot axes it 60*. 

A ^ Ai + As where K A* aad A« are acne 
of criamgles ia tbe £fare. 

120 '*^eiA 60 *+^ 

rin 60*. 

Bat aia J20* «ala 60*. 

R*R.*RiR+RRs 
dividiag by RRj Rs. 

.-.l-l + l 

R Rs Ra 

Figure 267 



* Note: See page 5 26 for licge aeale igare. 
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5. POTENTIAL DROP 

In Figure 26S is shown e water system m which the water pressure 
in the rank is 100 lbs. per $q. inch. 


/A?/Ail 

/3^ 








Eigar* 26S ^ W»rer an«l»gv illuirams drop ia poitaKal. 


li we assume the valve to be opened and the water flowing thiougb 
tbe pipe there is a drop in pressure along the pipe due to the fact that it 
offers a resistance to the flow of water. If we assume the pipe to be of 
uniform diameter along its length, the pressure will have dropped to 
50 lbs. per sq. inch at the half way point as indicated. Similarly at 
a point a quarter of the distance along tbe pipe tbe pressure will be 
75 lbs. per sq. inch, and at chree*quarters of the distance, 25 lbs. per 
sq. inch. A similar situation is true in the case of the electrical circuit. 
In Figure 259 the voltage applied to tbe circuit from the battery is 
assumed to be ten volts, i.e., there ia a difference in potential between 
the two ends of tbe circuit of ten volts. 


r^VVAWVVVVwWVWAV^AAA/VVvAAAAA/'^^ 


i.-^ p-j 

FigQK 269 ~ There u i aoifom dr«p lo potential aloag cUa ciituit u udkated. 

Aasnming tbe wire to be uniform throughout the circuit, the 
potential drop at a point half way along tbe circuit will be five volts. 
The potential drop can thus be calculated from Ohm’s Law, E =Rf. 

It should also be realized that tbe battery or other genuating device 
must o( necessity have some intcroal resistance, ao there is a potential 
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drop wicbin cbe batKrf itself if a current ia lowing. Tbus, in Figare 
270, if the battery on open circuit gives a preasute of 10 voles, and its 
internal resistance is 0.3 ohms and the external resistance of the circuit 
is 9.5 ohms, the totalenrrent maybe calculated as follows: 

= 1 ampere 

and the potential actually applied to tbe circuit is 9.5 volts, i.e., a 
potential drop bas occurred within the battery itself. 



Figun 270 ~ Tbe toul reniuocc of a cIkuc u eoapHied of tbe iateraal rtdnsoee of 
(he hittery aad extetoal reautaocc of (be drenie U aeries with ooe aaotber. 


If tbe internal resistance is represented by r and tbe external 
resistance by K the potential drop access tbe battery equals 1 X ^ ^nd 
the potential drop across the external ciecult equals 1 X ^ (volts). 


6. KIRCHOFF’S LAWS 

Some of tbe laws governing circolts of this type were first formu' 
lated by Kircboff as follows: 

(1) At any point in a circuit there Is as much current flowing 
away from tbe point as tbece is towards ft. 

(2) In*any closed drcnic tbe algebraic sum of the voltage applied 
and tbe potential drops is equal to zero. 

By the combined application of Ohm's and Kircboff’s laws a 
solution may be obtused from most direct'current networks. To 
iUnstrats Kirebc^s first law reference may be made to Figure 271 
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6 <*> 

WWWSAWNAA 



Plgorc 271 — KiKbfrff's fine lav: Tbt cnemt dowjog towards A aquais the toul 
CQrrtJit do via g a«af from A. 


The total tesuunce of the ciicnic R = 


6X 12_ 


+ 12 


= 4 ohms 


24 

The total current ie the circuit /s=-^=z 6 amperes 


This current divides at point A. pact of it Aowing through 
the upper and part through the lower resistance. Since the potential 
across these resistances is the same the current through the upper tt' 
24 

sistance = 0 = 2 amperes. The current through the lower rests* 


24 


tance = = 4 amperes. 


It will thus be seep that this agrees with Kircboff's 6tst law in that 
the current flowing cowards the point A is six amperes and that this 
oirtent divides through the two resiscances. the total flowing in the 
two branches being equal to six ampeces. 



Rfwc 272 — ni!Aoff*e swood law: 'Tbt algtbnk ma of ilie reluge apfriitd and tb< 
petseUl drape equZi'zero. 



DIRECT CURRENTS 


425 


Figure 272 will serve to illiutrate Kirchoff’s second law, namely: 
in any closed circuit the algebraic sum of the voltage applied and the 
potential drops is equal to zero. The drop in potential between a and 
b is 6 volts; between b and c, 18 volts, and between e and d. 24 volu. 
The total potential drop is therefore 48 volts. Since point a is 6 volts 
negative with respect to point b. and point b 18 volts negative with 
respect to c, and c again 24 volts negative with respect to d, the algebraic 
sum of the potential applied and the potential drops is equal to zero, or 
£ = 48 — 6 — — 24 = 0. 



Chapter XXVIII 

ELECTRICAL POWER AND ENERGY 

By A. P. HILL 

An electricil current has been shown to consist of a drift motion 
of minute eleccrtcally charged panicles (electrons) through a con due* 
tor. In order to create su^ a Aow of electrons it is necessary that an 
electrical pressure or voltage be applied to the circuit. It is obvious 
that if a relatively small number of electrons are to be forced through 
a conductor they will requin a lesser expeuditure of power chan if a 
greater number aie to be so moved. It is therefore necessary chat we 
have as a reference a unit of power. 

1. UNIT OF POWER — THE WATT 

The unit of electrical power is the watt and denotes tbe amount of 
power used when a pressure of one volt forces a current of one ampere 
through a circuit. The number of watts involved in forcing any 
amount of current through a circuit at a given pressure may be found 
by obtaining the product of tbe current and voltage; 

ie. P = IE 

where P ^ power in warts 

I cuitent In amperes 
£ = pressure in volts 

Since /=§ 

K 



or since £ = /A 

P^nR 

Thns in Figure 2 7 3, in whici R represeo is the resistance of tbe hea ter 
of a Western Electric 294-A vacuum cube, which requires a curreor of 
0.32 amperes at a pressure of 10 volts, the power = 10 X 0.32 = 3.2 
watts. 

The ctsiacance of Chk heater = 31.25 <J,ms 
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As an alRrnative method, if this latter value were known, the power 
could be calculated from the formula: 


£V 100 

" 51.25 


^3.2 watts 


or, if the current and resistance were known, it could be calculated as 
follows; 


P=:m= (0.32)* X 31.25 = 0.1024 X 31.25 = 3-2 watts 


2. KILOWATT AND HORSE POWER 

Since the watt is too small a unit in which to conveniently express 
the output of modern electrical power machiaecy. a unit called the 
kilowatt equal to lOOO watts is frequently used. 

1 kilowatt (KW) = 1000 watts 

The horse power is another unit that ts often used, its teladon to 
the wan being 1 horse power (HP) = 746 watts. 



Chapter XXIX 
MAGNETISM 

^ A. P. HILL 


MagD«tism is a propetcy of iron, nicksl and cobalc. It is most pro- 
nouaced, however, in iron and some iron alloys. This property has 
been known for many years. It was atidoubccdly known to the early 
Greeks who discovered chat certain magoetic ore when suspended always 
tended to turn in a direction approximating the north and south poles 
of the earth. The ore was discovered in Magnesia. Asia Minor, from 
whi^h the name “magnetism" is derived. It is probable, however, chat 
the magnetic properties were observed much earlier than this and tbac 
the principle was put to use for purposes of navigation in the very 
earliest civilizations. 

1. MAGNETS 

Magnets, as we know them, may be classed as either permanent or 
electro*magnecs. A permanent magnet is one which retains its mag- 
neiism after cbe magnetizing force is removed, while an electro*magnet, 
is one which loses the greater part of its magnetism immediately upon 
the removal of such a force. 

Tbe earth itself acts as a large magnet and has a north and south 
magnetic pole, These poles do not coincide .with tbe north and south 
geographical poles. The notib magnetic poAt b located la Boothia. 
Northern Canada, at approiimattly 71® north latitude and 91® west 
longitude, and it is Co magnecic pole that an ordinary compass 
needle points. 

As b well known, tike magnetic poles repel one another while 
iinlikt poles attract one another. Conseqaendy, if we assume tbe 
magnetic pole nearest the n<xth geographic pole to be dK north pole, 
the scuds pole of a compaas needle p^cs towards thtt north mag¬ 
netic pole. Soch a pole was eviginaUy teemed a north seeking pole. 
Ic is now more generally called simply a “North Pole." However, it 
should be realized In this and all other cases that nnlike poles attract 
one another. 
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2. MAGNETIC LINES OF FORCE 

According to the latent theories, magnetism Is assumed to be the 
result of rotating electrical charges within the atom itself. Each atom 
consequently behaves like a magnet. When a large number of these 
atoms align themselves in a certain definite manner the substance as a 
whole becomes magnetized.* 

If the individual atoms exhibit magnetic properties, it is then 
natural that the molecules should'also appear to be small magnets, the 
adjacent north and south poles being attracted to one another as shown 
in Figure 274. 









_ AM— — 



. AM _ 

• • 


Figore 274 —Arnagemenc of molecMles io s bst magn<r. 


In this figure it will be seen that the ends of all the molecules 
pointing to the right have a north polarity, while the left-hand ends 
have a south polarity. If. therefore, such a magnet were broken into two 
or more pieces each piece would have a definite polarity determined by 
that of the individual molecules as shown in Figure 275. 



Figure 275 — Wbea e bar magarr is brokea, ueb piece becomes a magnec. 


Figure 276 indicates the condition that exists external to the magnec 
itself. The magnetic effect from each chain of molecules concinoes 
through the surrounding space in the form of what are known as mag¬ 
netic lines of force. 


The magoeric lines of force are assumed to issue from the magnet 
at the oortb pole and reenter it at the south pole, continuing through 
the magnet itself from south to north. The space through which these 
lines of force pass is termed the ''magnetic field." 

It should be realized chat the conception of lines of force is merely 
a convenient mechod of describing a field of force exisKng in space. The 


*NOTE: For fuerbee lufonatrion on this subjett see bell Srsfcm Ttcbnkal 
JoboiaI. "TtM Theory of Uagmiitm," by Ksrt K. Darrew, April. 1936. page 224. 
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Strength of the field is Kpresented by the number of lines of force exist¬ 
ing per unit area of the field- 



3. RING MAGNETS 

In certain cases it is possible to have a piece of magnetic material 
strongly magnetized without possessing any magnetic poles, as in the 
ring illustrated'in Figure 277. 



Fifvre 277 •— A solid riaf 
toagnet. 



Figut 276 — A riog m> gate 
with «R sir gap. 


When such a ring is broken by the interposition of an aii gap as 
shown in Figure 278, the magnetic polarities appear as shown. 

4. GENERATOR FIELD POLES 

Figure 279 shows the magnetic drenit of a twO'pole generator. In 
this instrument ekccrical conductors are rotated between the poles of 
'be magnet, thus cutting through the magnetic lines of force aud so 
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geoeratiag sn elecccical pocentUI in the conductors. It u on this priQ' 
ciple thic all electrical generators operate. 



Figure 230 shows the magnetic circuit of a four-pole generator. 
In this instrumeat the magnetic poles are arranged alternately, like 
poles being opposite one another. The lines of force will, however, pass 
from a north to a south pole as indicated. 



Fisore 2^0 — Tbe masBcdc drenit of a foot* 
p«le feoenrot. 


$. PERMEABILITY 

In the case of an electrical circcit it is known that some substances 
conduct electricity better than others. A list of a numbec of substances 
with tbeic relative conductivities was given in Table III at the end of 
CbapterXXVI. In a somewhat similar manner some substances conduct 
magnetic lines of force better than others. In general, iron and iron 
alloys are the best conductors of such lines of force. The ability of a 
substance to conduct these lines of force, compared with aic, is termed 
its permeability. Table V lists tbe permeabilities of a few of tbe more 
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coinmoaly wed cugneric materials. The wciprocal of permeability is 
called reluctance and coitesponds to resistance in electrical conductors. 

6. -MAGNETIC SHIELDING 

There are many instances where it is desirable to exclude magnettc 
lines of force from certain pieces of equipment, in which case we use 
what is termed a “magnetic shield.” Such a shield is shown in Figure 
2 $ 1 . 



Figu/t 2al — The Daearile iioa »« ONdf >11 ibaatrd ar^Bfid tb« space A 
by (be croa ehield. 


It will be noticed that tbe magnetic lines of force ace prerented 
from passing through the space “A,” not by virtue of the resistance 
offered them by the magnetic shield, bat becanse of the fact that this 
shield offers them a lower resistance path than does tbe air. The lines 
of force consequently pass tbeoagh the magnetic shield (usually com¬ 
posed of icon) and so are deffected from tbe area it is desired to shield. 


7. THE COMPASS 

Tbe compass needle consists of a bar magnet suspended so it can 
route freely in a boruontal direction, and as a result the south pole 
of tbe needle is acccacced by tbe north magnetic pole of the earth. 

As explained in Section I, Page 428. the soatfa pole of tbe com¬ 
pass needle is called tbe “north seeking” ot “north'' pole. When a 



HgQic 242 —> A eompm nmOemStiatU paalld Co cbcUou of tore use ic. 
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compass needle U affected by another magnetic field in addiooo to that 
of the eatrb it tends co set itself parallel to these lines of force, which 
JO Figore 262 are represented as moving from west to east, so that the 
lines of force within itself are parallel to. and in’ the same direction as. 
the lines of the external field. It Is doe to this fact that special caution 
must be taken on board ship to be sure chat any magrietic fields prO' 
duced in the ship itself due to its metallic construction do not affect the 
compass; if there are such fields, the effect they have on the compass 
must be accurately known so that (he necessary correction may be 
applied to its reading. 


TABLE V 


Permeabilitf of Iron and Steel 


MAttaiAL 

Cast iron 

Cast iron, annealed . • - • 

Cast steel. 

Cast steel, annealed • • • > 

Electrolytic iron - - . - 

Electrolytic iron, annealed - ' 

Electrical iron in sheets, annealed 
Steel, hardened . . - - - 


MAXIMUM 

SIKMCABILITV 

240 

600 

3.550 

14.300 

1.850 

14.400 

3.’270 

no 











Chapter XXX 

ELECTRO-MAGNETISM AND THE 
MAGNETIC CIRCUIT 

dy A. P. HILL 

1, MAGNETIC FLUX ABOUT A CONDUCTOR 

In the previous cbapcer it was stated that an atom exhibits magnetic 
properties due to the fact that in each atom there are minute electrical 
charges called electrons rotating around the nucleus. Consequently, 
it is logial to assume that since an electrical current consists of a drift 
motion of electrons along the length of a conductor, that if it were 

bent in the form of a circle such a wire 
would also exhibit magnetic ptopertiesi 
and this is found to be the case. In fact, 
a straight wire in which a eucrent is flow¬ 
ing is found to have surrounding iz mag- 

Fi».r.2!}-M.s.ctKliM. f®”* « indicated in Figure 

of font sojTOQftd»coodwtor 2$ 3. These magnetic Imes of fotce circle 

IB wfakh a »mai is flowbij. ih* wire intbe direction shown in 

the figure: i.e.. if the elKtrons in the circuit are moving towards the 
observer the magnetic of force circle around the conductor in a 
clock-wise direction.* 

Another method of rememberiug the direction of flow^f the mag¬ 
netic lines of force is to assume chat the wire to which the current is 
flo^Hng is held in the left hand with the 
thumb pointing in the direction of electron 
flow. The lines of force then drcle the wire 
in the direction in the fingers point, 
as shown in Pigare 2$‘4. Magnetic lines of 
force which are produced as ^e result of 
the flow of an elecftical cnrtent are (ecuud 
"electro-magnetic lines of force." 

2. MAGNETIC UNITS 

In order that magnetic forces may be alcnlated. it is necessary Co 

assume certain nsiia. The tool number of lines of force in a magnetic 
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Rgan 26 e — If a wUe is beld 
In the left haod sHib the 
(hunt) poifiHiig in th« din<* 
rico of nodoo of the dec- 
rroas, the fiaacd «iJl poiuc io 
Ai dirKtioa of tbe Uncs 
of fora. 
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field 3ie referred to as the magnetic fiux« and such a field is designated 
by the Greek letter One line of force is termed a Maxwell. The 
magnetic field may be quite extensive and the density of the lines of 
force in the field may vary between different parts of Che field. Con- 
sequeccly. it is necessary in many cases to know the density of the field 
(that is. the number of lines of force per square centimeter) at the 
point in which we are particularly Interested. For such cases, we make 
use of a unit of magnetic field intensity, the name of which is the 
"ganss.” 

1 gauss = 1 line of force per square ceurimecer. 

The letter H ie used as the symbol representing the gauss. 

If we assume the intensity of the field to be uniform throughout its 
area, the total number of lines of force must equal the total area of the 
field multiplied by Its intensity: 

^ = AH 

^ = total number of lines of force in a magnetic field 
where A = area of the field in square centimeters 

and H = cumber of lines of force pec square centimeter 
(gausses). 

3. MAGNETIC PRESSURE 

Iq an electrical circuit a current flow is the result of applying an 
electrical potential (volrage) to a circuit which has a definite resistance. 
Without this pressure we would, of course, have no current flow. 
Similarly, in a magnetic circuit we must apply a magnetic pressure 
before we can obtain a flow of magnetic lines of force (or flux). The 
unit of magnetic preasnre is the "Gilbert.” and is designated by the 
letter F. It is known as the unit of magnetomotive force. 

4. MAGNETIC RESISTANCE — RELUCTANCE 

As mentioned in a previous paragraph, a current flow in an electri* 
cal circuit is the result of applying an electrical potential to a resistance. 
The relationship which exists between these three factors as stated in 
Ohm's Law is: 


Resistance 
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Similar!/ in the magnetic circuit a magnetic flux is produced when the 
magnetomoibe force is applied to a magnetic resistance, or. as it is 
termed, relociance; i.e.: 


Magnetic flux s 


MagnetomodTe force 
Reluctance 


The unit of reluctance is the "Oersted’' and is the reluctance of a 
centimeter cube of air. The reluctivity of practically all materials other 
than iron and the iron alloys is the same as chat of air: 


R = KX-^ 

where R ~ reluctance in oersteds 

K = reluctivity of material under consideration 
I = length in centimeters of the magnetic circuit 

A = cross-sectional area of the magnetic circuit 
in square centimeters 


The unit of magnetomotive force (the gilbert) is defined as that 
force which, when applied across one centimeter in air. will produce 
one line of force per square centimeter (one gauss). 

It will thus be seen, that as in an electrical citcuit, wbete there are 
three main factors to be considered, namely, pressure, resistance, and 
current, so in a magnetic circuit there ace three corresponding factors, 
magnetomotive force, reluctance, and flux. The mathemacical state¬ 
ment of cbe relationship between these factors is; 


Magnetic fluz M.gmtic p,e»UK 
^ Magnetic resistance 

• • Gilberts 

dr 

Oersteds . 


* IT 

from which 

■ 

and 



It should be realized that magnetic flux is not eutirely analogous 
to electrical current, for as e^Iaincd previously, an electrical curtent 
consists of a flow of elecnons throng a conductor, while a magnetic 
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flux exists in the form of a '"siete of strain” in the meflium in which 
ic is established. 

5. UNIT MAGNETIC POLE 

Since the strength of a magnetic pole will vary over a very wide 
range it is useful for purposes of calculation to assume a unit magnetic 
pole, and such a pole has been defined as one having a strength such that, 
if placed one centimeter away in air from a like pole it will repel it with 
a force of one dyne. 

Another deflnitioo of the unit pole is that it is a pole of such 
strength that when placed in a field of one gauss ic is acted upon by a 
force of one dyne: 

/. F-.mXH 
where F = force in dynes 

r?7 :s: strength of magnet in unit poles 
and H :s: field strength in gausses. 

The mutual action between two magnets placed in proximity to 
one another may be stated in the following manner: 

- m X 

where F = force in dynes 
m and m' = strength in unit poles of two magnets 
and d “ distance between them in centimeters. 

6. MAGNETIC PROPERTIES OF IRON 

As previously stated, some substances, notably icon and the iron 
alloys, conduct magnetic linea of force better chan ait. The coadoc- 
civity of the latter is taken as unity. In other words, such substances 
have a lower reluctance than air. Consequently, if .a magnetic field is 
established in air and a piece of iron introduced into the field, the lines 
of force per square cenrimeiec (gausses) in the iron will be greater 
chan in the air. This is illustrated in Figure 285. 



Fiaore -^The fius deosty is iros U gnirer ebas ihac is 
air oadet cbii cvedidos. 
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In thi«figure the flux density of che magnetizing fowe in ait is repre¬ 
sented by the letter H. The resulunt flux density in the iron is repre- 
sented by the letter B. The latter is also measured in,gausses. It is 
convenient to use difierent symbols for these two cases in order to 
differentiate between the densities in air and in iron. 

If a pece of iron is placed in a magnetic field of low flux density, 
the density in the iron will be considerably greater than in the air. If, 
now. the density of the magnetizing floz be gradually increased, the flux 
deosicy in the iron will also increase up to a certain point where it is 
impossible to obtain any greater density no matter what the magnetiz¬ 
ing force may be. The Iron uridcr this cocditioD is said to be saturated. 
This is due to the fact Chat practically all the molecules bare been lined 
np into chains throughout the substance. No further increase in the 
total number of such chains of molecules is possible. 

7. CURVES 

Figure 286 graphically indicates the condition described above, and 
ic will be noted that saturation is reached at an H value of approxi¬ 
mately ten in the case of wrought iron and annealed sheet steel) and 
somewhat higher in the case of soft steel castings. Such a curve may 
be drawn ^ all magsedc materials: their shape and saturation points 
will depend, however, upon a number of factors, such as: 

(a) the type of magnetic material, whether case iron, wrought 
iroB^ steel, or some alloy 

(b) tbdr degree of pnriry 

(c) ^ir previous magnetic history; le., wbethei or not they have 
previously been subjected to a high degree of magnetization. 

The terai ''permeability’' baa already beed described in Chapter 
XXDC Section Five, and was suted qualitatively to mean the ability of 
a substance to conduct lines of force compared with air. It will now be 
seen chat the permeability may be obtained from the B-H curve of the 
material 

B 

where ft s permeability 

B s flux denricy in the maKcial under conridecaeion 
and H s flux densiry of magsitizing field . 
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Figart — TypinI ougBcilzailon corVR of iron and steel. 


By reference to Figure 2S6 it will be noticed that the permeability 
of a substance is not a fixed value but varies with the magnetizing 
force applied. The permeability of most substances is calculated at the 
relatively straight line portion of a curve as between points X and Y 
in the case of cast iron. 

Tbe permeability of some of the magnetic alloys such as permalloy 
is very much greater at low flux densities than chat of iron, principally 
below magnetizing forces of the order of one gauss. 

Figure 287 shows a S-H curve for'permalloy and Armco iron in 
this region. Due to the fact 
that permalloy of this type 
becomes saturated at low 
values of magnetizing force, 
for values very much greater 
than those shown in the 
figure, the pecmeabilicy of 
tbe iron will be greater than 
•that of tbe permalloy. 

FigoK 2 B7 ~ 3-H com for pcrnulJay aad 
Acjuo irou. 



8. HYSTERESIS LOOPS 

If a piece of iron is subjected to a magnetizing force and this force 
is gradually increased until tbe point of saturation is reached and then 
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decreased to zero, the iron will reuiA some.of its magnedsm as shown 
in Figure 2$fi. 


Pifutt Hrsrerm loops. 

If, cow, the magcecizing force be reversed ia direcrioo, increased 
in that direction until satocation is reached, again reduced to zero, and 

increased in the original direction up 
ro eataration, the B-M curve has the 
shape shown in Figure 26S. This is 
called a hysteresis loop and indicates 
the amount of energy need up during 
the cycle of opera riona described above. 
It will be noticed that if the iron has 
once reached the aaruration point it 
docs not return to its original magnetic 
condition regardless of what magnetiZ' 
ing forces may be appi led. Figure 289 
shows bystereaia loops for Armco iron 
and permalloy. 

9. ELECTRO'MAGNBTISM 

If a atraight vertical conductor in which a current is flowing pierces 

a horizontal sheet of cardboard, as shown in Figure 290, it may he 

shown that magnetic lines of a- 

force circle about the conductor 

on the same pbue as the card- \ 

board. This may be Uliiatrattd \ --—^ 

by sprinkling some ironflUegs on j 

the cardboard, in which case, y 

when the current starts to flow. Figw 290 — By qom of iton fliiogi 

the filings will arrange them- ^ a <pbpm ai my be »bow& th«r 

« . . diece li a circolar oucBedc abooc 

selves in ardes aboot the con- a wiaarrT£^cmf.«. 


are 2B9 — Hyacerccj loop* for 
Arauo icoB and perauIlBy. 
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doctor i$ the result of being magnetized by tbe £ux about the wire. 

As the result of euch an experiment we learn that whenever an 
electrical current l!ow$ in a circuits eleccro'magnetic lines of force circle 
about the conductor and these lines of force are always in a plane 
perpendicular to the conductor. If a small compass needle is placed in 
this magnetic field, as shown in the figure, the needle will set itself 
parallel to the lines of force, and since in the compass needle itself they 
move from south to north, the north pole of the compass will point 
in the direction in which the electro-magnetic Unes of force surround¬ 
ing tbe conductor ace directed. As a result of such an experiment we 
may state the following rule: 

If a current fiows in a conductor, and the electrons com¬ 
posing this current ate moving towards the observer, tbe lines 
of force will surround tbe conductor in a clock-wise direction. 

If. on rhe other hand, the electrons are moving away from the 
observer, the Unes of force will move in a counter-clock-wise 
direction. This is indicated in Figures 291'A and 291'B. It 
should be realized chat each of these Unes of force exists as a 
closed circle about the conductor and the electro-magnetic effect 
produced is a function of the amount of current flowing in the 
conductor. 



Pifore 291 'A — UuR oi foru 
produced by dectrocj moriDg 
towards (b« obwmt. 



Figuri 291*B — Lines oi force 
piednced bydectrooa (ncriaa 
away fron tbe obier^er. 


10. FIELD OF FORCE ABOUT A COIL 

If. now. instead of considering a straight wire we assume this wire 
to be formed into a coil as shown in Figure 292. then at point A. since 



MOTION PICTURE SOUND ENGINEERING 


the electrons ace moving towards the ob' 
server, the lines of force will circle it in a 
clock-wise direction. 

Ac the point B a similar condition 
exists with the resale that between con* 
duccors A and B the lines of force due to 
turn of wire A. tend to move upwards 
while those due to turn of wire B, tend 
to move downward, the result is. therefore, 
that all lines of force tend to circle both 
conductors rather chan each conductor individually. If. therefore, a 
coil is wound with the tarns close together as shown in Figure 29^. the 
tendency is for the lines of force to travel through the coil, leaving ic 

at the left-hand end and reenter* 
^ing it at the right-hand end- The 
^ similarity between this and the con- 

dicion existing in an ordinary bat 
^ magnet should be noted. Conse* 
5^ quently. it is to be expected that 

----—^ y <Bch a coil will act as an ordinary 

^ bar magnet having a north pole to 

»] to—--1 the left and a south pole to the right, 

Kp,« 2 » 3 _Tb,Bv««i. 6 dd andthuisfouadtobetbecaat. Tb, 

«bou a dotdj woni ceil intensity of Che field inside the coU 
a comflt. dependent upon the number of 

tnms of wire and the amount of cnitent flowing in the wire. Such 
a coil having an air core is called a solenoid. If. however, the coil hu 
an iron core it is commonly known as an electrO'Siagset. 

11. FLUX DENSITY WITHIN A SOLENOID 

It has been found chat if a solenoid whose length is at least ten 
times its diasaete; is wound so that there is one tnm of wire to every 
centimeter of length and if one ampere is passed thxongh the wire, the 


Pijote 292 —Tbc ffligiietic 
field ebeoc a of wire 
urr^ias a correal. 


field intensity inside the solenoid is 1.26 c« 

U26NI 


where H field siteogcb in gausses 

N 51 total number ot turns on the solenoid 
/ ss current in amperes 
and f = length of solenoid in ceotuneters 
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The total flux is a sugnetic circuit equals the cross-sectional area 
of cbe circuit multiplied by the field deoaicy. or 

AH 

Subsdrucing the value of H in the previous equation 

. _ 4tNIA 

101 

This equation gives the flux at the center of a single layer solenoid 
and does not allotv for leakage effects which cut down the flux to 
approximately one-half at the ends of the coil. 


'NOTE; As previotulr ffl«ntioB*d. all text bocks trill nuk< ue of the dd theory 
that as electrical cutreet £o«e fcoa the positive to riic oefarive pole of a battery. 
Cotue^BCQCly. anordias to tble theory the magoetie liaei of force toove in a clock* 
vise dimrioa when the cuirent is fioariax away from the observer. Since, however, 
aa petrioosly latcd, ve aov koow tbac a current consiscs of a moremeet of electrons 
from the oesacive to the positive pole of a battery, the starenecit sstd in text books, 
while Bot cheortriesUy correct, is the atcepttd stasdacd. 


Chapter XXXI 

ELECTRO-MAGNETIC INDUCTION 

Bv P- HILL 


1. ACCELERATION AND INERTIA 

If a fotce be applied to aome object at real so that it is started in 
motion in a uniforsi straight line, one second after the initial applica¬ 
tion of such i force tbe object will bare attained a certain velocity which 
can be measured in centimeters per second. At tbe end of tbe next 
second it will have attained a still greater velocity and this will con- 
tinue aa long as tbe force continues to be applied. If, for example, its 
velocity at tbe end of the first second is found to be two centimeters per 
second, at tbe end of the second second it will be traveling at the rate 
of fonr centimeters pec second, and at tbe end of tbe third second it 
will be at the rste of six centimeters per second. Its velocity is there* 
fore increasing at a rate of two cencimecers per second each second. This 
increase in velocity i$ called its acceleration and is measuced in centi¬ 
meters per second per second. Thus in tbe case noted above, the accelera¬ 
tion of tbe object is two centimeters per second p^r second. From the 
above it may be seen chat 

Force = Mass X Ac^leracion 
or F = MA 
where F ss force in dynes 
M w: mass in grams 

and A ~ accelaatioo in centimeters per second per second 
This may also be sured in tbe following form: 


where V — velocity in ceadmeurs 

and r s ciroc in seconds 

4+4 
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Aj has been previously discussed, when the current flows in a con¬ 
ductor, electro-magnetic lines of force circle about the conductor in the 
directiori described above. If a 
current is started in one conduc¬ 
tor and another conductor is 
placed near and parallel to it. the 
lines of force from the first con¬ 
ductor will cut rhe second, and 
due CO such catting, a voltage will 
be induced in it by what is 
known as electro-magnetic in¬ 
duction. Figure 294 shows a 
cross-sectional view of two such 
conductors. 


re 294 — Line of force fren ose 
coadueior cutting a second 
coodnctoc. 


The current flowing in the left hand conductor produces lines of 
force which circle about it in a clock-wise direction; the electrons are 
^en flowing towards the observer. As the current builds up to Its 
maximum value the lines of force expand farther and farther from it 
and eventually reach the second conductor, and it may he assumed 
that they will be bent by it in mach the same manner that a ripple on 
the surface of a body of water would be bent by any obstruction in its 
path. It will be noticed then, that as these lines of force continue to 
expand they leave about the second conductor lines of force which 
circle it in a conntet-clock-wise diiection. The voltage induced, there¬ 
fore, in this second conductor must be in the opposite direction to that 
applied to the first. There is, corisequently. a universal law that when¬ 
ever lines of force cut a conductor, a voltage is induced in ic. the amount 
of voltage depending upon Che rate of cutting of the lines of force: i.e.. 

the number which cut the conductor 
per second. If we assume now that 
the carcent in the first conductor, as 
shown in Figure 295> reaches a maxi¬ 
mum value and remains at such value 
for a period of time, the lines of force 
surrounding it will be neither expand¬ 
ing nor collapsing. Consequently they 
will not be catting through the second 
conductor and no voltage will be in¬ 
duced in it. 

If, now, the current in the first conductor is stopped, the lines ot 
force will collapse and as they do so will cut through the second con- 


{SK 295 — Liars et feret ab^r 
a MAdactor io vblcb a gfudf 
correuTudovios. 
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ductor from right to left as indu 
caKd in Figure 296. leaving a 
circle of lines of force about the 
$econd conductor which now 
will be in a clock* wise direction 
as indicated in the figure. The 
voltage induced in it will then be 
in the same direction as that 
originally applied to the first 
conductor. 

The following important law should therefore be remembered: 

(a) If two conductors are placed parallel to one another and 
current is introduced into the first, lines of force will expand from 
it as the current rises is value, and Induce in the second conductor 
a voltage in the opposite direction to chat in the first. 

(b) After this current ba$ reached its maximum valne, as 
long as it continues to fiow steadily, no voltage will he* induced 
in the second conductor. 

(c) If the current in the first conductoc is cut off. lines of force 
will collapse back upon it and induce a voltage in the second con- 
ductor in the same direction as that in the first. 

In the case of a dtrect'corrent circnic. therefore, an induced voltage 
will be obtained only at tbc moment of making or breaking the first 
clrcnit. 

Siace, in the case described above, this action is obtained between 
two separate drcoics it is called mutual induction. 

2. VALUE OF INDUCED VOLTAGE 

It is. of coarse. unp<«aAC that we be able to calculate the amount 
of voltage pcoduced by elcctrO'inagnedc induction in a conductor. It 
is foQdd that one volt is induced when 100,000.000 lines of force cut 

a condnetor in a sa»ad or . Therefore, if 100,000,000 

lines of fc«ce cut dtrouid two conducton in series per second, two volts 
will be indoesd. The in d cc e d voltage, tlftrefore. may be said to de¬ 
pend upon the ntunber of Unki^ of lines of force and corns of wire in 

acc^ Ezpresriag this in the form of an equation 


© 



w 


// 


Fkfun 296 ~ Liuu foKe collapnos 
00 a condvcec iP vbich tbc carrenr 

U.a UmA Af., A# 
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3. SELF-INDUCTANCE 

B 7 referring to Figure 297 ic will be seen that if a current is intro* 
duced into a coii the various turns of which are parallel to one aooiher* 
when the current flows in conductor A the lines of force from ic will 
expand and cue conductor B from right to left, thereby iuduemg in B a 
voltage in the opposite direction to that applied to the circuit as a whole. 
The same is, of course, true in the case of all turns of the coil. Coose* 
quently, it will be seen chat when an attempt is made to introduce a 
current in such a drcuic, a voltage is induced in each of the turns of the 
coil, tending to prevent the introduction of such a current. The moment 
after the current reaches its maximum value, this opposing induced 
voltage disappears. If, now. the circuit 
is opened and the current consequently 
starts to fail in value, the lines of force 
will cut back through the turns of the 
coil from left to right, producing a 
voltage in the same direction as that 
applied CO the circuit, thus tending to 
prevent the current from falling to 
ztto. This property of self-inductance 
in a circuit can therefore be defined as the property which tends to 
prevent the introduction, variation or extincrion of a current flowing 
in the circuit. The induced voltage is sometimes referred to as the back 
e.m.f. of the coil. 


o o on 


0 0 0 0 0 

Fia a K 247 ^ Cro&t Mccioul 
view oi ceil ia which current 
b ll»wiag. 




4. THE UNIT OF INDUCTANCE — HENRY 

In order to be able to calculate the effect of electro-magnetic induc¬ 
tion it is necessary that we have i unit.of inductance, and this unit has 
been named the "henry.’* 


The definition of this unit is that it is the inductance of a circuit in 
which a change of one ampere per second produces an induced e.m.f. 
of one volt. Since, as stared above, one volt is produced when 100.000.- 
000 lines of force cut one turn of wire pec second, the total voltage pro¬ 
duced in any instance is equal to the total flux divided by 100 , 000,000 
and also divided by the namber of seconds required for such cuttings to 
take place, or 




where race of change of currenc 


B induced voltage 
and L s coil inductance In henries 
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The resemblance between this formula and the one given in Section 

y 

1 of this chapter, namely, F = M —will be immediately noticed; and 

cbe indoccance L ss seen to correspond to the mass Af in the mechanical 
case. It is a fact that inductance beats a dose resemblance to inertia 
and is often referred to as the electrical inertia of a circuit, 


Since, as stated above, B = 


C255) 


where a dux cuts only one turn of wire, if there are turns of wire 




(256) 

but since 


(257) 


il 

sfS 

(258) 

from which 


(259) 

But in Chapeer XXX, Seaion 7 on Permeability, 

it was stated that 

. 

B 

n — 



^ F 


Of 

II 


It was also shown that 

-o- 

11 

tv 






Using this value of ^ in formula (5). 

T MffAiV 

I0»/ 

But in Chapter X30C Section 12, it was shown that 

r, 1.26 Nl 


" ^ — wf- 


bnt, since 1,26 


(260) 
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dod An<e the area of a circle s= « r*, equacioa (260) may be wciccen 

^ 10 */ 

in which L = indgccance in henries 
^ — permeability of core 
I = length of core in centimeters 
N = number of turns of coil 
r = radius of core in cencimeteis 


5. CALCULATION OF MUTUAL INDUCTANCE 

As previously explained, when two separate circuits act mutually 
upon one another so that a current dow in one circuit induces a voltage 
in the second circuit, the effect is due to what is known as mutual in¬ 
duction. The unit of mutual inductance is the same as that of self- 
inductance, namely, the henry, and is defined as follows: 

"When a change of one ampere pet second in one circuit 
induces one volt in a second circuit, the two clccnits have a 
mutual inductance of one henry/' 

In order to calculate the amount of mutual inductance chat exists 
between two circuits it is simplest to assume a condition where all the 


lines of force produced by one citcuic cut all the ruros of wire of the 
second circuit. Such a case may be assumed to exist in the circuit shown 



Fisore 298 — Maresl indactuut tvo cirralM 

hsviai oxiity coeficieat of coapluig. 


In Section 4 it was shown chat H = 


L 26 m 


Since however 


I 

1.26 NIA M 


the dux per ampere ss ^ s: 1.26 NA ft 
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and tb« flux cuttings of the second coil by a change of one ampere in 
the first coll equals 

1.26 NiNinA 

I 

where f/j = number of turns of wire In the first coil 
and Wj = number of turns of wire in the second coil 

Since a mutual inductance of one henry exists when 10" flux cut¬ 
tings are produced by a change of one ampere, the mutual inductance 


M = 


1.26 NiNiitA 


I0"f 


or since 


1.26=^ 


and A — 




10»1 


6. UNITY COBFFiaENT OP COUPLING 

In the i'ay considered above, it was assumed that all ihe flux sec 
Qp in one dreuit cut all tbe turns of wire in the second circuit. When 
this condition exists tbe two circuits are said to haye unity coefficient of 
coupling. From tbe formula given above for mutual inductance, 
namely. 

„ 1.26 A 

" ” 10" f 

it will be noticed chat this is equivalent to VTTXs 

A 


for 


and 


, 1.26 Nr* M 

10 "/ 
U6 

KPf 


La 

w=VZTC 


Le. 


if 




=; 1 


This factor 


M 


called tbe coeffidest <d coupling and is equal 

to unky only when all the lines of force from one drcait cut all the turns 
of wire oi tbe accood. When T bf? condition exists the cncults are said 
to have unity co^dent of coii^^iiig. 


Chapter XXXII 
THE DECIBEL 

By A. P. HILL 

As ic dealiog with taj other qaantity. ve need some kiod of a 
Qoit by means of which we can express the ediciency of an electrical 
circuit as a medium for the transmission of power in communication 
work. For the same reason that we need some adopted standard as a 
unit of length, snch as the foot or the meter to measure distance, we 
require some standard for the measarement of transmission loss or 
transmission gain in communication engineering. The practical nnit 
that has been chosen is called the decibel. 

Id Figure 299 is shown a ctrcnit consisting of three elements, each of 
which may represent either a gain or a loss of power. 



Figore 299 ~ TratumlsfiMi losses or s^las may be expressed 
ia terms of tbc decibel. 


If we assume that all three elements represent losses, and further, 
that the power at B is one-tentb that at A, the power at D one-tenth 
that at C. and the power at F one-tenth that at E, it is obvious that the 
power at F is one one-thouandch that at A. It is, of course, convenient 
to have a unit of transmission efficiency that can be ueated by the 
ordinary processes of addition and subtraction m order to obtain tbe 
total losses or gains in a circuit. In order to do this It is necessary that 
the unit be an exponential one and it was for this reason that the decibel 
was chosen as the unit of transmission efficiency. 

Tbe international unit of transmission efficiency is the bel and 
is defined as the logarithm of the ratios of tbe powers at the two parts 

p 

of tbe circuit under consideration: i.e.. the bel =: log*^* 

rx 

where Pi = power at receiving end of circuit 
and Pi ss power at the transmitting end of tbe circuit 
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The decibel, tbe anit most often used in ptaccicel work, is equal 
to one'Ceocb of tbe bel. Consequently Che number of decibels Joss or 
gain in a circuit is expressed as follows: 


Fi|Bn 300 — A tnDsmioioa 1b power a»r 
h espKseed in decibels. 


If a circoit such as is shown in Figure 300 be considered where an 
e.m.f. of ten volts forces a correot of one ampere through a resisunce 
of ten ohms, it is possible chat at a point fcrtber along in the dccoic a 
pressure of one volt might result, in which case, a current of one>ccQCh 
of an ampere would flow through a tea ohm resistance. Then (he power 
at A ia ten watts and tbe power at B on^tencb of a watt. 

According to the above formula, therefore, the rcansmission loss 
Lfl the drcuic in decibels is calculated as follows: 


Of if we make use of cncmic rados. 


Table VI gives the nambet of db correspoading to various gain 
or loss ratios. It should be realized that the basis of tbe deabel as a 
onic oi transmlfsion effioency is founded on power ratios. Coose' 
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questly voltige or current ratios can only be used when measured in 
equal resistances. If unequal resistances are used a correction must be 
applied in the following manner. 

If El and Ei represent the voltages measured at the transmitting and 
receiving ends of a circuit, respectively, and if they are cot measured 
across equal resistances, in order to use their ratio as a measure of the 
transmission efficiency of the system, the voltage Et must be multiplied 

by the square root of —, where rj is the transmitting resistance and fg 
ns 

the receiving resistance, following which correction the new ratio may 
be ised to determine the number of db loss or gain tc the circuit. If h 
and /s ace the two cuirects concerned and are also measured in unequal 

resistances, must be multiplied by the square root of — before their 

ratio can be used as a means of calculating the loss or gain of the circuit 
in db. The following is an example: 



Pigon 301 *— Vo9tag« ud carrefit nrios may be used vbea CAlcuUCsg db l<w 
o( ssiA. only if messuKd la c^oal resisuaccs. 

Figure 301 shows a drcutt in which the resistances of the trans¬ 
mitting and receiving ends are different. The power at the transmitting 
end of Che circuit is 10 X 2 = 20 watts. The power at the receiving 
end is 10 X 1 = 1^ watts. 

The loss in db = 10 log ^ 

= 10 log 0.5 
= 10xT-W9 
ss 3db 

If. now, in order to calculate the number of db loss, we were to use 
tbe voltage ratio shown in tbs Sgure without the application of any 
correction factor, since the pressure at both points in the circuit is ten 
volts, it would indicate no loss or gain in the circuit, which is obviously 
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incorxecc since (be powers a( (best two points are not equal. }f. on tbe 
other hand, we were lo use the current ratio without correction, we 
obtaio the following: 

db 20 log -Y 

= 20xT 699 
= 6db 


which again does not agree with the result obtained when we use the 
power ratios, If, however, we apply rbe proper corrections to (be 
voltage and current as explained above, we obtain tbe followirig as the 
voltage ratio: 


V.R.-^ 



db = 20 


= 20 log 


10 X 0.707 

20 


ss 20 log 0-707 


ss20 xT. 85 
= 3db 


Applying tbe correction to the current values involved, we obtain 
tbe following; 

1 n't 

db = 20Iog-i-4-2- 


= 20 log 


I X 1.414 


= 20 log 0.707 
= 20 xT. 85 
= 3db 

Thus, if we apply the proper corrections, voltage or current ratios 
may be used to obtaio tbe number of db loss in any circuit. 

In tbe above alcolatioas tf tbe coftecc voltage and current ratios 
bad bees obtained the aujober ot db loss coold have been read directly 

from Table VL 
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TABLE VI 


Relation Between Traxumission Unite, and Current, Voltage and 
Power Amplilication and Attenuation Ratios 



tlANSPiriSSICN 

UNITS 

(DS) 

Carnttr 

,» Rtfio 

y^UBt P«w«f 


riANSWISSION 

UNITS 

<aii 

For 

Cvrrmt For 

or Nwor 

VelMit Dario 


AaDitfloJtlon ArNttiurrei 
MNo Ratio 

<Qala> <Lm) 


AmpfirrcaTieB Arf«eMrloi» 
Rario Rjrio 

IQiJa) (LabI 


0. 

93 

0. 

92 

0. 

91 


1-45 

i396 

0.716 

1.5 

1.413 

0.708 


2.45 

1.7St 

2.5 

1.778 























456 


MOTION P1CTUR5 SOUND ENGINEERING 


TABLE VI (Coarinned) 


UNIT? 

(D») 

P»r 

Hr 

•f f*&ti 

Voir»|« Rilk 

iUfi» 

Aitv1i>'Ut>en AtNBMtioa 

Rjtia Ratio 

TRANSMISSION 

UNITS 

(M> 

An 

Camat Par 

» Pawn 

Vairaia IjtM 

AaHa 

AapIHUalFaA AHamuHaa 
Kitta RalM 

16 aln) (L«aa» 

8.1 

4.05 

2.54 

0.394 

12,1 

6.05 

4.03 

0.248 

8.2 

4.1 

2.57 

0.389 


6.1 

4.07 

0.245 

8.3 

4,15 

2.60 

0.385 

12.3 

6.15 

4,12 

0.242 

8.4 

4,2 

2.63 

0.38Q 

12.4 

6.2 

4.17 

0.240 

8.5 

4,25 

2.66 

0.376 

12,5* 

6.25 

4.22 

0.237 

8.5 

4.3 

2.69 

0.372 

J2.6 

6.3 

4.27 

0.234 

8-7 

4,35 

2.72 

0.367 

12.7 

6.35 

4.32 

0.232 

8.8 

4.4 

2.75 

0.363 

12.8 

6.4 

4.37 

0.229 

8.9 

4.45 

2.79 

0.359 

12.9 

6.45 

4.42 

0.226 

9.0 

4.5 

2.82 

0.355 

13.0 

6.5 

4.47 

0,224 

9.1 

4.55 

2.85 

0,351 

13.1 

6.55 

4,52 

0,221 

9.2 

4.6 

2.88 

0.347 

13.2 

6.6 

4.57 

0.219 

9.3 

4,65 

2.91 

0.343 

13.3 

6.65 

4.62 

0,216 

9.4 

4.7 

2,95 

0.339 

13.4 

6.7 

4.68 

0.214 

9.5 

4,75 

2,98 

0.335 

13.5 

6.75 

4.73 

0.211 

9-6 

4.8 

3-02 

0.331 

13.6 

6.8 

4.79 

0.209 

9-7 

4.85 

3.05 

0.327 

13.7 

6.85 

4.8* 

0.206 

9.8 

4.9 

3.09 

0,324 

13.8 

6.9 

4.90 

0.204 

9.9 

4.95 

3.13 

0.320 

13.9 

6.95 

4.95 

0.202 

10-0 

5.0 

3.16 

0.316 

14.0 

7.0 

5.01 

0.200 

10.1 

5.05 

3.20 

0,313 

14,1 

7.05 


0.197 

10.2 

5.1 

3.24 


14.2 

7.1 

5.13 

0-195 

10.3 

5.15 

3.27 

0.305 

14,3 

7,15 

5.19 

0.193 


5.2 

3.31 


14,4 

7.2 

5,25 

0.191 


5.25 

3.35 

0.298 

14,5 

7.25 

5,31 

0.188 

10.^ 

5.3 

3.39 

0.295 

H.6 

7.3 

5.37 

0.186 

10-7 

5.35 

3.43 

0.291 

14.7 

7.35 

5,43 

0.184 

10.8 

5.4 

3.47 

0.288 

14.8 

7.4 

5,50 

0.182 

10.9 

5.45 

3.51 

0.285 

14.9 

7.45 

S.S6 

0.180 

ll.O 

5.5 

3.55 

0.282 

is.o 

7.5 

5.62 

0.178 

11.1 

5.55 

3.59 

0-279 

J5.1 

7.55 

5.69 

0.176 

11.2 

5.6 

3.63 

0.275 

15.1 

7.6 

5,75 

0.174 

U-3 

5.65 

3.67 

0.272 

15.3 

7.65 

5.62 

0,172 

11.4 

5.7 

3.72 

0.269 

15.4 

^.7 

5.89 


n.5 

5,75 

3.76 

0.266 

15.5 

7.75 

5.96 

0.168 

11.6 

5.8 

3.80 

0.263 

15.6 

7.8 

6.03 

0.166 

11.7 

5.8$ 

1.85 

0.260 

15.7 

7.85 

6.10 

0.164 

n.8 

5.9 

3.89 

0,257 

15.8 

7.9 

6,17 

0.162 

11.9 

5.95 

3.94 

0.254 

15,9 

7.95 

6.24 


IZ.O 

6.0 

3.98 

0.251 

16.0 

am 

6.31 

0.158 
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TABLE VI (ContiiMied) 


TRANSMISSION 

UNITS 

IPS) 

Ciwmt Per 

«r ^o«»r 

VelMi* Ril«e 

Mtie 

A*pli*«etiM AtmuPiM 
Retie Retie 

(Qeini (Usi 

TRANSMISSION 

uNrrs 

fDPJ 

Fee 

Carrmr Per 

er Fewer 

Veltefe Retie 

Retie 

Afti9lJtk»IIea Altenullei 
Retie Retie 

lS«ie) (Lett) 

I6.i 

8.05 

6.58 

0,157 

21 

10,5 

11.2 

0.0691 

16.1 

8.1 

$.45 

0.15$ 

22 

11.0 

12.6 

0.0794 

l«.) 

8.15 

6.55 

0.155 

23 

11.5 

14.1 

0.0708 

i6A 

8.2 

$,$1 

0.151 

24 

12.0 

15.8 

0.0631 

i6.5 

8.25 

6,68 

0,150 

25 

12.5 

17.8 

0.0562 


8,5 

6.76 

0.148 

*26 

13.0 

20.0 

0.0501 

iQfl 

8.55 

6.64 

0.146 

27 

13.5 

22,4 

0.0447 


8.4 

$.92 

0.144 

28 

14,0 

25.1 

0.0398 


8.45 

7.00 

0.143 

29 

14.5 

26.2 

0.0355 

in 

8.5 

7.08 

0.141 

30 

15,0 

31.6 

0.0316 

17A 

8.55 

7.16 

0.140 

31 

15.5 

35,5 

0.0282 

17.2 

8.6 

7.24 

0.158 

32 

16.0 

39.8 

0.0251 

17.3 

8.65 

7.33 

0.156 

33 

16.5 

44.7 

0.0224 

17.4 

8.7 

7,41 

0.135 

34 

17.0 

50.1 

0.0200 

17,5 

8.75 

7.50 

0.133 

55 

17.5 

56.2 

0.0178 

17.6 

8.8 

7.59 

0.152 

56 

18.0 

63.1 

O.OISI 

17.7 

8.85 

7,67 

0.150 

57 

18.5 

70.8 

0.0141 

I7.t 

8.9 

7.76 

0.129 

58 

19.0 

79.4 

0.0126 

17.9 

8.95 

7,85 

0.127 

39 

19.5 

89.1 

0.0112 

18.0 

9.0 

7,94 

0.126 

40 


100 

0.0100 

18.1 

9.05 

6.04 

0.124 

41 

20.5 

112 

0.00891 

18.2 

9.1 

8.15 

0.123 

42 

21.0 

126 

0.00794 

18.^ 

9.15 

8.22 

0.122 

43 

21.5 

141 

0.00708 

18.4 

9.2 

8.32 

0.120 

44 

22.0 

156 

0.00631 

18.5 

9.25 

8.41 

0.119 

45 

22.5 

178 

0.00562 

IZ.6 


■Bl 

0.118 

46 

23.0 

200 

0.00501 



rngm 

0.116 

47 

23,5 

224 

0.00447 

18.8 


HM 

0.115 

48 

24.0 

251 

0.00398 


9.45 


0.114 

49 

24,5 

282 

0.00355 


9.5 

m 

0.112 

50 

25.0 

316 

0.00316 


9.5^ 

9.01 

O.IU 

51 

25,5 

355 

0.00282 

Ie9 

9.6 

9.12 

Q.UO 

52 

26.0 

398 

0.00251 

|E9 

9-6J 

9.25 

0.108 

53 

26.5 

447 

0.00224 

19.4 

9-7 

9.35 

0.107 

54 

27.0 

501 

0.00200 

19.5 

9.7f^ 

9.44 

0.106 

55 

27.5 

562 

0.00176 

19.6 

9.1 

9.55 

0.105 

56 

26.0 

631 

0.00158 

19.7 

9.8» 

9.66 

0.104 

57 

26.5 

708 

O.OOMl 

19.8 

9.9 

9.77 

0.102 

58 

29.0 

794 

0.00126 

19.9 

9.95' 

9.89 

O.lDl 

59 

29.5 

891 

0.00112 

20,0 

lO.O 

10.00 

0.100 

60 

30.0 

lOOO 

0.00100 
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TABLE VI (Continued) 


rmuisMissiON 

UNITS 

<MI 

fM 

CwraAt F«r 

X fgWtf 

V»lTai« lUtFo 
au»le 

AaiHHiealica 

lUllQ 

Iblil 

Atl«iMuK«e 

Bit}* 

(Lwl 

TMNSMISSION 

UNITS 

IN) 

F«r 

Ciirml For 

or FowK 

VolUK lalle 

Ritle 

AtoolHInHoo ArtoniuflM 
Bjrlo lUtIo 

ICilal tUwl 

SI 

30.5 

1120 

0.000891 

81 

40.5 

11200 

0.0000891 

S2 

31.0 

1260 

0,000794 

82 

41.0 

12600 

0.0000794 

S3 

31.5 

1410 

0.000708 

83 

41.5 

14100 

0.0000708 

S4 

32,0 

1580 

0.000631 

84 

42.0 

15800 

0.0000631 

S5 

32,5 

1780 

0.000562 

65 

42 5 

17800 

0.0000562 

6S 

33.0 

2000 

0.000501 

66 

43.0 

20000 

0.0000501 

67 

33,5 

2240 

0.000447 

87 

43.5 

22400 

0.0000447 

68 

34.0 

2510 

0.000398 

88 

44.0 

25100 

0.0000398 

69 

34.5 

2820 

0.000355 

89 

44.5 

28200 

0.0000355 

70 

35.0 

3160 

0.000)16 

90 

45.0 

31600 

0.0000316 

71 

35.5 

3550 

0.000282 

91 

45,5 

35500 

0.0000282 

72 

36.0 

3980 

0.000251 

92 

46.0 

39800 

0.0000251 

73 

36.5 

4470 

0.000224 

93 

46.5 

44700 

0.0000224 

74 

37.0 

5010 

0.000200 

94 

47-0 

50100 

0.0000200 

75 

37.5 

5620 

0.000178 

95 

47.5 

56200 

0.0000178 

76 

38.0 

6310 

0.000158 

96 

48.0 

63100 

0.0000158 

77 

38.5 

7080 

Q.Q00141 

97 

48.5 

70800 

0.0000141 

78 

39.0 

7940 

0.000126 

98 

49.0 

79400 

0.000012S 

79 

39,5 

8910 

0.000112 

99 

49.5 

89100 

0.0000112 

80 

40.0 

10000 

0.000100 

100 

50.0 100000 

0.0000100 






Chapter XXXIII 

RESISTANCE ATTENUATION NETWORKS 

Bv A. P. HaL 


It is it tutKS necessary co msetc in a circuit an arrangement ol 
resistances in order to introduce a definite number ol db loss. These 
resistances may be connected in various ways and are called resistance 
attenuation networks. There are fouc types of these networks which 
are commonly used and they are known as: 

(A) T type networks 

(B) H type networks 

(C) *• type networks 

(D) U type networks. 



FiguR 302 ^ Reiisnace aaeaution netvorks (A) T cype. C^) if type. 
(C) r tm* <P) W- 


Fig^te 302^ A, fi, C, and D, indicates the arrangement of the re* 
SLSUncea used in these four types of networks. The T and H types are 
electrically similar as will be shown later.* 


* NOTE: Only ib< T. if. 3a4 1 / type oftworki viU be described ia detail. For 
(oforaiatieB nsirdias tbs t type astwork aad (till aere detailed iaforasatioa regardias 
other typa. {efmnee nay be nads m "Tmmruron CUeuiit fct TWep^onr Com- 
by K. $. Jobnfoa. sod "Commmintien Ensirmrin^." by W. L. Evirin. 
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1. T TYPE NETWORKS 

Networks of tbe T typ« coosi^c of scriej and shunt elements. Two 
different solutions are givea below: 

Case I. when working between eqoal resetances; 

Case II, when working between unequal resistances. 

Figure 303 shows a T type network connected between two resist' 
ances Zi and Z^ 


PisoK 303 — T rjpt BtCvwk. 

Following is a general solotion for the two cases mentioned above: 
Case I 

Where 2, = 2a 
In this case A^B 

Since in a circnit having resistances' in parallel the current divides 
inversely as the values of tbe resistances. 


if R = the current ratio 


”E + C + Za 

Tbe total resistance looking into tbe network from Zi most equal 2i. 
By reference to cbe figure 

7. — A + 


Substitnong (264) into (265) 

Z, = ^ +A (B + Z,) 
«A + JiE+;^Zs 


( 266 ) 
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Z fl —/?’ 


••• 

For conveoience* osiag 2 in pljce of Zz or 2s 
From (264) C = R (B + C + Zs) 
Substituting the value of B from (267) 


(267) 


RZ fl—R) , 

^^4-f^C + RZs 


(268) 


C(l—R) = 


RZ (1 —R' 


1 +R 


+ R2s 


c=[^^+-.](-rir) 


but ^ince 2 = Zj 


CaseII 


^ 2RZ 
^-1—R« 

(269) 

Where 2* < 

fs T^ C , 

f,“^“C + B + Z,^Z, 

(270) 

/i « c . /'zr 

/s “■■^“C + w4 4-2i^Zs 

(271) 

. . . CfB + Zs) 

1 C + B + Zs 

(272) 

Zj B 4- 5.1^.+. 

(273) 

C + -4i-Z. 


SubstUdtmg (270) into (272) 

Z. = A + rV^ (B + ZO 

A = Z. —(B + Zj) 


(274) 


Substituting (271) into (273) 

Zj = B + R-y/5 (A + Z.) 

.■, B = Z, —R>/^ (A + Za) (275) 

Substituting (273) into (274) 

A = Z. —R(>/|j) [Zj —ArV^—RVZ^ + Z»] 



(278) 


•• ^—I— 

For minunnm atteatudoo to matcb tecminal impedaacca 
AssO 


asd —yS 
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In both tb« abov« caaes an H type n«t^^k, such as is shown in 
Figure 304, (Day be designed by merely placing half of the values of the 
A and B resistances in each series leg. This type of network is used 
where it is necessary to have both sides of the circuit balanced in respect 
to one anocber. the T type being used primarily where it is desired to 
ground one side of the circnit. 



2. If TYPE NETWORKS 

A U type network Is used primarily where it is necessary to match 
two circuits which have unequal impedances, and to do so by the inter¬ 
position of a minimum loss. As will be realized from the description 
of T and H type networks, the U type network is a limiting case of the 
H type network working between unequal impedaoces. For this latter 
type of straerure, where a minimum attenuation is required, the series 
elements on one side of the network become zero. Under this condition 
the network becomes one of the U type. 

Figure 305 shows a network of this type. For simplicity of calcu¬ 
lation, however, it is better to consider all the series resistances as lumped 
in one leg of the circuit. The side of the network in which the secies 
element occurs must of course be connected to the higher of tbe two 
resistances. 



A solution of the U type network follows: 


h 

h 


^R = 


Where Zi > Zj 

C 


.V-4 

c+zrzi 


(279) 
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C2. 

21-A+c + Z, 

C(A + 2|) 

. -^*-C + A + Zi 

From {280) A = Zi — ^ ^ ^ 

Sflbscttutmg from (27P) 

>4 = 2.-.% 


From (279) C = 


+ R2* 


cV^ —Ci? = J^: 


(280) 

(281) 

(282) 


Crs-^8— (283) 

For balanced netwocka tltt Taloe of A is equally divided between 
both series arms. A grapbical solution for a minimum loss network of 
this type is ^own in Fngure 306. 
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ArdficUl Lines for Use Between Unequal Impedances 
Minimntn Loss Lines 



X'XZ. 

y^rz. >"‘7ir 



M7/(/w of k 


PiSQK ) 06 . 














Chapter XXXIV 
GENERATORS AND MOTORS 

Bv A. P. HILL 

1. INDUCED ELECTROMOTIVE FORCE 

Chapter XXXI described some of the factors relating to electromag¬ 
netic induction and it was theee explained that wbenerer electromag¬ 
netic lines of force cut a conductor, a voltage was induced in it — its 
valne depending upon the number of linkages per second of the lines 
of force and turns of wire. It is iaunaterial whether the conductor 
remains stacionary and the lines of force move, or whether the reverse 
action cakes place. In either case the conductor will be cut by the 
lines of force and a voltage will resnlc. 

The generator depends upon this principle of electromagnetic in¬ 
duction for its operation, the usual pcocedare being to move the 
conductors throogh a sudonary magnetic field. Figure ^07 shows the 
elements of such a system. In this figure a north and south pole are 
plaod opposite one another with a magnetic field existing between 
them as shown. 



"A” rtpitstflc* a ccoss^ectional view of a conductor which is 
assumed to be rotated through the magvtic field in the direction 
shown by the arrow. Coaseqoentiy. as it routes, It will cur chrough 
the linea of force of the field and a volcage will be induced in it, 

A convenient otAod oi renwmhmng n wfikh direction riiis 
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2. E.M.F. INDUCED IN A REVOLVING LOOP 

Instead of having a single conductor cutting lines of force a loop 

of wire ma 7 revolve in a magnetic deld as 

I [ shown in Figure 309» so that the conductors 

I I <rh and cd move in a direction shown by the 

I ^ arrows. With this direction of rotation* 

I according to the left-hand rule described 

I — » ^ above, the electron drift in the conductor 

— opposite the north pole will be from 6 to o 

I and in the other conductor from d to c. 

' The drift motion of electrons will therefore 

.. ... ,. . . take place in the loop in the direction of the 

Fisore — Aloopof Hire ^ ^ 

ml«r'fi0 • tBfsnshV A*1i4 aitOWS. 




468 


MOTION PICTURB SOUND ENGINBERING 


Ui therefore, necesstey to have some 
means of connecting such a loop co ao 
external circuit, which is done by con* 
necting the points a and d of the loop 
to two rings mounted on the shaft 
of the machine on which two brushes 
make sliding contact and so make pos* 
sible the connection of the external 
circuit as shown in Figure 310. 



rifure 310-^ Metbod of <eanwiiAS 
iraiiraie to exKnaJ clmni. 


If the loop DOW routes in the direction indicated by the arrow, 
tbe electron drift will take place as shown, giving the ring d a negative 

potential and the ring a a positive po¬ 
tential. 

If we now consider chat this loop 
of wire has routed chrongh 180^ so 
chat conductor cd is moving opposite 
the north pole and conductor ab mov¬ 
ing opposite che south pole as shown in 
Figure 311. the direction of cuneot in 
the external circuit is seen to have 
changed so chat for each complete revolution o( the Icwp between the 
magnetic poles there are two teversals of current in the external circuit. 



Fisare 311-^Aemareii «imit after 
reucioe ef I $0* froo poddm 
ibown U FifOft 310. 


Referring now to Figure 312. it will be seen that since the voltage 
is iadoced in che two wires of the loop (which loop is called che 
armatuct winding of the machine, che magnetic poles being called 
field poles, and the two rings Co which the armatou wires ase connected 
being called slip or coiutfctor rings) the generated volnge at any 
instant will depend upon the angular position cbe conductors. 



FtsQC* 3 12 — The att tbefimof fetcevaoei widi du 

iBgubr pQKcipe the snutuc ivtuBsfa. 


When a conductor is u the posicion indurated as zero degrees it is 
traveling for an insunc parallel eo die Uses: of force axtd is (herefore 
not curtiBg chrongh them. Coaae^tmdy no v^uge is 
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When Che conductor \s at the position marked 90", i. e., opposite 
the center of the pole face, the potential induced in it will be a maximum 
since it is moving at right angles to the lines of force and is consequently 
cutting them at a maximutD speed. When the conductor gets down to 
the 180^ position, it is again traveling parallel to the lines of force, 
with the result that there is no voltage induced in it. Tbb state of 
a/fairs now reverses and at the 270^ position the voltage is a maximum 
in a direction opposite to that at the 90^ position. When it has 
completely routed through 360^ the voltage has again dropped to 2 ero. 
following which this cycle of events repeats itself. 

The direction and value of the voltages induced, as has just been 
explained, is shown graphically in Figure 313, and the resultant voltage 
wave is called a sine wave of altercating current. The reason it is 
given this name is because the value of the voltage at any instant is 
equal to the maximum voltage multiplied by the sine of the angle 
through which the conductor has rotated. A generator producing 
this type of current is called an alternating-current genecacoc. 



Fisure 31} — A siae ware e( alttraadog carr«nt. 


3. DIRBCT-CURRENT GENERATOR 

The altercating current produced by the machine described in the 
last section can be changed to a direct 
current by a rather simple expedient. 

If. instead of connecting the two ends 
of the armature conductor to slip rings, 
we connect them to the two halves of a 
split ring as shown in Figure 314, the 
current in the external circuit ^11 fiow 
continuously in one direction, for as 
may be seen in Figure 314. the top 
brush will always be connected to the conductor that is moving opposite 
dti north pole, and the bottom bru^ to the conductor opposite the 
south pole. 



Pigore 314 ^ Staple dimt- 
camiK gcaerwvt. 
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As a result the current in the external ciicoit would be as shown 
inFigure 315. It illustrates the y-v 

principle involved in the opec- . / \ / \ / \ 

ation of the ditect-current gen- \j W \ 

etator. There are several dif- g . —j —i- — - - ———i 

f^rect types of aima rare wind • \ / 

ings. information concerning • \ / 

which should be obtairied by 

teferen ce to any sundard’ uxt- > j 

, . . . . Fisoft 31$ — F1lbaUllsclrecceDn<ntprQ' 

book on the subject w iwo-pol« na«*tcr. 


Figoft 31$ — Pglndag direcc concnt prQ- 
duced bf two'polt gcerrator. 


Instead of the type of armature winding shown in Figure 314, 
which, although it results in a form of direct current, nevertheless is 
I of a type that does not have a par* 

I _ ficulirly steady value as is indicated 

___ y ia ptgare 315, It is possible by using 

a larger number of armature wind- 
nflJ^ ~ ings spaced evenly around the arma* 

^ shown in Figure 316, 
I \ to produce a direct current of the 

Figun 316 — T«e*lMp ((eaveeg- type shown in Figure 317. Here it 
neor eommiiocof) iberaior. ^ ^ pulsations 

are much smaller in amount and by adding still more windings to 
the armarvce it is possible to produce a direct cuirect which will be 
practically steady, having only a very small ripple component. 


Figure 316 ~ Twe'leop ((ear*eeg- 
jneac cofflmiiQiorJ gaciaior. 


4. METHOD OF CONNECTING FIELD WINDINGS 



Since the held windings of a genoacor must be supplied with 
current in order to produce the required magnetic flux between tbe 
fleld poles, it is obvioos chat 

they may be lupplied with this /^*\/^ /*\ 

corrent eiiher from a separate ft ^X. X ,i. ^X ' 

aoMce of supply, sudi as a ^ / X A X X \ 
battery or another generator, / / \ / \ / \ / \ 

or may be supplied from tbe £ ^ V V \ 

armature cd the machine iaelf. Bgm 3"l7-^BA.fr^cil^ fra g«o^ 
If the first of these two math- •“« 

ods is used, tbe madune Is oiled a separately-exciced generator, and 
if the second method as oaed it is a adf-exoted generator. 

It is obvious that if the msAme is cd die self>e]xit<d type, tbe 
Add windings may be conneoed eidxr m series oc pataUel with the 
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Figure 318—Dire<C'CurRBt jtnmtor (a) eefEitaRly*aeit«i. (b) eerirS' 
woeod, and (<) ebant'Wouad. 

armature windings. Figure 318 shows ia schematic I f 
form a separatelv'exdted machine and also self* L 

excited of both the series- and shunt-wound types. a S 

Still another type of machine is one that makes o ? 

vse of both a series and a sbuat winding. This is I 

called a compound-wound machiae and is shown I , 

schematically in Figure 319- The operation of these Figan 319—^ Own- 
various types of generators is described below- 

5. THE SEPARATELY-EXCITED GENERATOR 

The separately-excited generator is not in very general use. Since 
the voltage produced by aay generator depends upon the number of 
I— — lines of force which the armature 

yw ftmwr windings cat per second, this volt- 

^ be controlled by varying 

( ] S ipitd of rotation of the atma- 

V a ture. or by keeping the speed of 

T I rotation constant and varying the 

I _ density of the magnetic flux bet ween 

Fiju,.320 —Scb«a..K.iKd.rfKi> 4 . 'he field poI«. The CMtomety prac- 
fa cilr* recited gutuator wUb £dd tice is tO Vary the density of the 
rbeo»at moKced. magnetic flux between the field 

poles, which is accomplished by varying the amount of current flowing 
in the field windings by the insertion of a variable resistance, called a 
field rheostat, in series with them. A schematic circuit of such an ar¬ 
rangement is shown in Figore 320. 

6. SELF-EXCITED GENERATORS 
(a) Series-wound Generator 

A series-wound generator Is shown In schematic form in Figure 
318 (b). In a machine of this type the total current that flows in the ex¬ 
ternal circuit of the machine also flows through the field windings. Con¬ 
sequently. these windings consist of a few turns of relatively large sized 
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wire. If now tbc reiistance of tbe load circuit is decreased, resultiog in 
an increase of currenC. this increased curienc will also How through 
The field windings, aeacing a denser magnetic field and a resnlcanc 
rise in generated voltage; thus the voltage generated by a series'wound 
dynamo varies with the load. 

(b) Sbunt-wonnd Generator 

A schematic circuit of a shunt-wound generator is also shown 
in Figure 318 (c ). In this type of machine if the current flowing in the 
circuit to which power is being delivered is increased, a greater drop in 
voltage results at the brashes. Sinct the field windings ace connected 
across these brushes the voltage reduction will result in tbe flow of a 
smaller field current. This will cause tbe magnetic field between the poles 
to be less dense and the voltage produced by the machine will drop. It 
will therefore be seen that the sbunt-wound generator acts in exactly 
the opposite rnauner to the series* wound machine insofar as generated 
voltage is concerned. 

<c) Compoond'Wound Generator 

A compound*wound generator, such as is shown in Figure 319. 
ts equipped with both a series and shunt winding. Its operation, there¬ 
fore. is affected by both tbese windings, tbe series winding tending to 
caosc a rise in voltage with ao increased current, tbe shunt winding tend* 
ing to anse a drop. The resale is that if the number of turns of both 
these windings is of the correct value, the machine will maintain a 
consuoc voltage with a load which may vary considerably. 

Compoond-wound generators can be designed by varying tbc 
number of turns of tbe two field windings so that they may have 
either a rising or falling voltage characteristic with increasing load. 


7. MOTORS 



Any generator will run as a motor if supplied with tbe necessary 
driving voltage, there being no fundamental differences in design 
although certain modiflcaciocs may have to be made to obcaio the 
greatest efficiency. 

Id order to undeftrand the 
principle upon which a motor 
operates, tbe following points 
already discussed shoold be 
remembered: 

When a current flows 
Chrougb a wire, lines of force 
sucTOund tbe wire in a clock¬ 
wise dlttcrion if the election 
motion in the wire ts towards 


Piput 321 — Tbe lltua of force forrouAdlag 
cbe araettue wiadjag ducdrt ChoM of the 
fidd. ptodaeuis a ocelMieiJ prearace 
on dte arautwe. 
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the observer- TTse deasicy of the lines of force surrounding the wire 
depends upon the amount of current flowing through it. In Figure 321 
the lines of force of the field are moving from the north to the south pole. 

If the electrons in conductoe A ace moving towards the observer, 
the lines of force surrounding it will be as shown in a clockwise direc* 
tion. These will distort the lines of force of the field, bending them in 
the manner shown, and thus resulting in a downward pull on con* 
ductor A. 

The electrons in conductor B will, of course, be moving away from 
the observer. Consequently the lines of force surrounding it will 1^ 
moving io a counter-clockwise direction and the distortion of the field 
lines of force will be as shown, and will result in an upward pall on B. 
This will produce a counter-clockwise rotation of the armature. If 
the direction of either the lines of force of the field or the armature 
current is reversed, the direction of rotation of the motor will be 
changed, but if. however, both of these are reversed, the direction of 
rotation will remain the same. 

8. MOTOR FIELD WINDINGS 

While in a motor it is necessary to supply an e.m.f. to both the 
field and armature windings, only one source of supply is necessary, 
and. as in the case of the generator, rbe machine may be either series, 
shunt, or compound wound. Figure 322 shows in schematic form the 
connections for these three types of machines. The method of speed 
control for each will next be considered. 



FisQre322—Scbematic ditult of loocw. (a) mlea-voaod. 
(b) abvac-weuod. (e) eonpoiud-woUDd. 


9. MOTOR SPEED CONTROL 

When cunenc is applied to the armature and field of a motor the 
magnetic fiux is produced as described above and the machine will 
start to eocam la a direction determined by the direction of current in 
the two circuits. Immediately this happens, however, it will be aeen 
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tbsC the armacute conductor! start lo cut through the lines of force 
of the field and as a result a voltage will be geserated in these conductors 
which, as will be realized from application of the left-hand generator 
rule, will be in the opposite direction to that which is applied and its 
value will increase as the speed of rotation of (he machine increases. 
Tbeoretially this would continue until the back e.m.f. became ei^nal 
to the applied e.m.f.. at which time no current would flow through 
the armature, the lines of force sunounding the armature conductors 
would disappear and the machine would slow down. Immediately after 
the speed was reduced the back e.m.f. would drcp and conaequently 
the lines of force surroundiog the armatute would again appear, result¬ 
ing in a speeding up of the machine to the point where these two 
e.m.f.'s again became equal. In actual practice, however, tbia does not 
occur, since even without any mechanical load being applied to the 
motor shaft, a certain amount of power is required to overcome the 
frictional resistance of the bearings, etc. Coasequenrly, the back 
e.m.f. will always be slightly less than the applied e.m.f.: the difference 
between the two resulting in the generation of an amount of power 
just suficient to do the work required to keep Che machine in rotation. 
This back e.m.f. of a motor is one of the most important factors to be 
considered in its operation. 

From the preceding paragraph ic will be seen that a motor will 
always run at such speed that the difference between the back e.m.f. 
and applied e.m.f. is sufficient to perform the work required of the 
motor. 

The speed with which the armature must rotate in order to generate 
this back e.iii.f. will, of course, depend upon the density of field ffuz. 

If this dtnairy is small, the armature will have 
to route faster in order to cut the required 
number of lines of force per second chan 
would be necessary if a denser field flux were 
produced. Consequently, a simple method of 
controlling the ^ed of rotation of such a 
machine is to control the curreut fiowing in 
3 23—Sbcsc-wonad the field windings by means of a field rheostat 
fuerac wi* Md zbeuMu. control the density of the field flux. 

Such a rf^ostat is d»wa in Figure J23. If its reaisiance ia increased, 
ic will reduce the aLoeut fiow in the field coils, reducing the field flux 
density and resulting in an increase of speed of roucion of the machine. 
Decrusing this rcsiscance would, oi course, ause the motor Co alow 
down. 
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10. SERIES-WOXJND MOTOR 

In the caee of t series'Wound motor, since* all the corcent taken by 
the armature also flows through ibe field windings, these windings 
will of necessity coosbc of a few turns of large sized wire. 

If we now consider rbe operation of such a machine, it will be. 
seen that if it is touting under light mechanical load (in which 
case the back e.m.f.,will be almost equal to the applied), and the 
mecbaaical load is increased, the machine will tend to slow down. 
This will result in a decreased back e.m.f. and a consequent increase 
in the actual amount of current flowing in the armature windings. 
Since this current also flows through the field windings, an increase in 
flux density of the field will result. Tbb will caose the motor to slow 
down still more. The net result then is that as the mechanical load is 
increased on a series-wound motor, it results in a considerable slowing 
down of its speed of rotation. 

11. SHUNT-WOUND MOTOR 

Id the ease of a shunt-wound motor as shown in Figure 523. the 
action under load is difl^erent. If. as before, we assume a condition under 
which the motor is rotating under light load, the generated back 
e.m.f. will be almost eqoal to the applied. If now the mechanical 
load is increased, the motor will tend to slow down, and this will 
result in a reduction in potential difereace at the brushes. Since the 
field windings are connected across these brushes, it will tend to reduce 
the amount of current flowing in these windings, reduce the density 
of field flux, and consequently the armature will have to rotate faster 
in order to produce the required back e.m.f. Within certain limits, 
therefore, such a machine teuds to speed up under increased load. 

12. COMPOUND*WOUND MOTOR 

In a compound'wound motor, since there are both secies and shunt 
windings, any tendency to decreased speed due to the series winding 
will be offset by the tendency to increase due to the shunt winding, and 
if the ratio of the two windings is correctly chosen the machine may 
be designed to operate at practically constant speed under vacying loads, 
or it may be designed to give either a slightly increased or slightly 
decreased speed as required. 

13. CAUTION IN THE USE OF SERIES AND 

SHUNT MOTORS 

From the above discussion it will be realized that if the field cicculc 
of a shunt-wound motor were opened during running, it would rapidly 
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increu« io speed in tiying Co produce the required b^ck e.m.f. and 
since the lines ol force of the field never entirely disappear due to 
residual magnecUro. tbe machine would tend to run away and damage 
would probably result. 

A series-wound motor should never be started without any load 
being applied to the armature. Neither should the load be removed 
while the machine i$ running. In either instance it would tend to run 
away with resulting damage. 

14. SOME POINTS OF COMPARISON BETWEEN A 
MOTOR AND A GENERATOR 

As eitplained above, when a motor starts to rotate ir tends to act 
as a generator, due to tbe fact Chat the armature windings cnr through 
the lines of force of tbe field and generate a voltage. Similarly a gener¬ 
ator will tend to acc as a motor due to the fact chat the moment a cur¬ 
rent stares to fiow in the armature windings lines of force are produced 
which surround these windings and distort the lines of force of tbe 
field with the result that the machine tends to rotate in the opposite 
direction to chat in which it is being turned as a generator. Such a 
reversal of motion never actually takes place. However, there is a back 
mechaaical action in tbe motor corresponding to the back e.m.f. pr^ 
duced in a generator. This back mechanical action makes it harder to 
rotate the motor when it is delivering mechanical power than is the 
case when it is being rotated under no load conditions. Tbos tbe larger 
the amonne of mechanical power chat tbe machine is delivering the 
greater mast be tbe amount of electrical power supplied to it. 


Chapter XXXV 

ALTERNATING CURRENTS 

hy A. P. HILL 

Up to the present time we have considefed correncs in which the 
electron flow it always in one direction: the analogy chat has been 
used is chat of the steady flow of water in one direction through a 
pipe. It is obvious, however, that since a current flow of electricity 
consists of a drift motion of electrons through a wire, chat under 
certain conditions the direction of drift might change, being first in 
one direction and then in the 
opposite. A current of this 
type is called an alcernatiog 
current*. 


In Figure 324 is shown a 
mechanical analogy in which 
A represents a water pump 
that is capable of forcing the 
water either to the right or left- 
co the right a flow of water results in that direction which will start 
from rest, build np to a maximum velocity and die down to rest 
when the piston has reached its point of maximum dispbeement. 
When the reverse piston motion takes place, the flow of water is 

rest, rising to a maximum in this 
reversed direction and finally com' 
iog to rest, after which this cycle 
of events repeats itself so that there 
is produced a flow of water re^ 
versing in direction and also chang¬ 
ing in actual velocity. Such a flow 
of water could be called an alcei> 
nating flow. In Figure 325 is shown 
the corresponding electrical circuit. The generator is capable of pro> . 
ducing voltages chat reverse in direction at periodic intervals. As a result 
the flow of electrons through the circuit wUl also reverse and an alternaC' 
tog current will flow. 


reversed, again starting from 
I WWVWv " I 


— 

Fiawt 325AIienuKof'CQxreot 
arnriator cQna«cHU (v s misUBce. 





Piaure 324 — Water auloay foraa 
alttraaiing eofmi. 

When the piston of the pump moves 
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1. FREQUENCY 

A cut«nt oi th« type d«<ribed above can reverse itself quite 
slowly oc the reversals may occur many times per second. The nnm- 
ber of complete reversals that take place every second is called the 
frequency of the current. Current used foe ordinary electric lighting 
purposes has a frequency of 60 cycles per second- Since each com¬ 
plete reversal consists of a flow in one dieection followed by a similar 
flow in die reverse direction, each complete reversal of current is 
called a cycle, each cycle consisting of two alternations in opposite 
directions. If therefore the frequency of the current is 60 cycles per 
second there will be actually 120 alternations comprising the 60 
cycles. 

2. GENERATION OF ALTERNATING CURRENT 


Figure 326 shews in simplified form the elements of an alter¬ 
nating-current generator. The conductor A is made to rotate m a 
eoanter-clockwise direction opposite the face of the north and south 



b, cutting through tbci^ 
qacnrly no voltage will be induced 

in iL Whoi it has rotated chroogh an angle of 30* it will be cutting 
lines of force at an angle and consequently a voltage will be 
indnesd. the value of whidi will depend upon the number of lines 
of force cut pa second. (It will be remembered that if a conductor 
cats one bnadred million lines oi force pa second one volt will be 
induced in it.) As dx angle dacoogh which the armature rotates 
iooeases. k cut dnough dx, lines of force fasur and faster until 
ic reaches the 90* podt»>&. at which time, since it is moving through 
tfaf gf of fccoe at r^t angles, it will be cutting ^xm at a maxi¬ 
mum spaed and consequently will have the manmum voltage induced 
in it. After tht 90* position is passed ic will be cutting the lines of 
force at a dxipcc a^e: dx volage will gradnally drop until it 
reaches the 180* poaicion when it agab be traveling parallel to 
the lines of iota and the voltage wUl consequently have dropped 
to aero. 
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By applying the lefi'haad Ea!e described m Chapter XXXI V« Sec¬ 
tion 1. it will be seen that the.riectron flow in the armature conductor A 
will be away from the observer. However, when it leave# the 180® 
position and starts to move across the face of the south pole the 
induced voltage will be reversed in direction and the electron morion 
will then be cowards the observer, its value scarcing from zero at 
180®. rising to a maximum in this direction at 270® and falling to 
zero when it has completed one revoluriou. 


It is now possible to plot the value and direction of voltage 
generated by a machine of this type in the manner shown in 
Figure 327- 



Here the same direction of rotation i# assumed os in Figore 326, 
the curve above the zero axis marked *‘positive” representing a volt* 
age generated in one direction and the portion below the zero axis 
marked ''negative” representing a voltage in the opposite direction. 
The height of the curve above the zero axis represenu the amount 
of voltage generated at any instant. As is shown by this carve the 
maximum voltage in the positive direction is reached at the 90® 
position, the corresponding maximum in the reverse direction occur¬ 
ring at 270®. A curve of the rype shown is called a sine curve due 
Co the fact that the voltage value at any instant is equal to the 
maximum value multiplied by the sine of the angle through which 
the armature has rotated at the instant under considetarion, 

THE VALUE OF ALTERNATING CURRENTS 
From a conrideration of the previous section it will be realized 
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that there are several ways io which the value of an alteraating cur* 
lent can be specified. They are as follows: 

(a) The maximum value, 

(b) The iflstaniancotts value, 

(c) The effective value, 

(4) The average value. 

(a) The Maxinmm Value 

The maximum value of ao alternating current is reached twice 
sn each cycle for the type of generator shown, namely at the 90° 
and 270° positions. This is the peak value which the voltage 
attains for any given generator. 

(b) The Insrancaneous Value 

The instantaneous value of a current is, as its name indicates, 
the voltage existing in the machine at the instant under consideration. 
As explained above, it is equal to the maximum value multiplied 
by the sine of the angle through which the armatute condnctor has 
rotated up to the instant under tonsideration. This angle is called 
the phase angle and is designed by the Greek letter A The instan¬ 
ts ueous valne of voltage is usually written Consequently, if 

the maximum value is written E_ 

£uct = £»tx sis 

(c) The Effective Value 

Probably the most useful method of describing the value of 
ao alternating current is its effective value. 

When a direct current flows through a circuit it will do a definite 
amount of work, la the case of an oedinary resistance it will gener¬ 
ate a certain amount of beat in the wire. The effective value of an 
alteruatiog current ia dK value of emrent that will generate the 
same amount of beat in a dreuie as is produced by a similar amount 
of direct encKst. Ita value is equal co the maamom value multiplied 
by 0.707. 

The letter S hUowtd by no subscript alwa^ cepreseno the 
effective value of she v^e^ Casequeatly E = 0-707 E^. 

<d) Tbr Avurufe YafiM 

The average value of an ahemating cuneot ia as its name indi* 
«cea. the average aB ^ inWanranrous value of the current during 
a half cyde. la value is eqaal to 0.fiJ6 of tbe m^yF muTB. or 
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Ic j$ obvious that tb« avera^ of the lostantaneous values during 
a half iycle only must be considered since the average of all the 
instantaneous values over a whole cycle duration muse equal zero. 


4. OHM'S LAW FOR ALTERNATING CURRENTS 

Corresponding ro the ditecc-current circuit, Ohm's Law /or alter¬ 
nating* current circuits may be expressed as follows: 




mss 

R 


'tait 


ilaat 


R 

j iiiL 


/(•eff)«= 


R 
E(tS) 
R 




5. INDUCTIVE REACTANCE 

By reference to Chapter XXXI, Section 3, on inductance, it will 
be seen that when a current is introduced into a coil of wire as the 
valne of the current rises in the circuit a voltage is induced in a 
direction opposite to that of the applied voltage. This effect is due 
to what is known as the self* inductance of the circuit. Similarly, 
when the curtenc in a circuit decreases in value, a voltage U induced 
in the same direction as that applied, tending to keep the current 
flowing in the circuit. As long as tbe current is at a steady value 
however this effect is not produced. 

In tbe case of an alternating current however, its value is never 
steady but is always either increasing or decreasing, first in one 
direction and then in tbe other. Consequently this effect is always 
present and tbe self-inductance of a coll of wire becomes a matter 
that must be considered at all times when an alternating voltage 
is ^>plied to iL This effect tends to limit tbe amount of current 
that ffows and must therefore be taken into consideration in all 
cases involving alternating-curzent calculations. Tbe effect that U 
produced in tbe coil is termed reactance and is measured in ohms. 
Since tbe value of tbe back e.m.f. produced in such a coil when 
an alternating voltage is applied to it depends, as previously ex* 
pbioed, on tbe number of lines of force cut per second by each turn 
the coil, it will be affected not only by the number of turns of 
wire of the coil and tbe density of the flux whid) cuts it but also 
by dn number of times tbe current changes in direction per second: 
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ie.. tbe namb<r of cydts per «cond of the alternating current. Tbe 
symbol used to describe tbe reactance of such a coil is Xt where X 
indicates reactance and the sub L shows that it is due to the induct¬ 
ance of the coil. Its value numerically is as follows: 

Xt^ 2»a 

where Xl =: reactance in ohms 

f ^ frequency in cycles per second 
L s inductance in henries 

It is now necessary to consider the manner in which tbe current 
in such a coil will flow when an alcernatiog voltage is applied to it. 

Figure 328 shows a sine wave of alternating current flowing 
through such a coil. At tbe insunt of zero cunenc. marked A. the 
rate of change is a mazimnm, as can be seen by considering the 
change between points A and B 
as compared to the extremely 
small change occurring between 
poinu C and D. The lines of 
force will therefore be expanding 
faster at point A chan at any 
ocher non-sosilar point on the 
curve. This means that tbe back 
e.m.f. induced wDl be a maxi' 
mmn at this dme. Ac point C on 
tbe curve no change of enrtent is momentarily taking place, ^nse* 
quencly the indneed vi^ge will be zero. At point G the induced 
voltage will again be a maiamnm. We can consequently draw tbe 
isdoced e.m.f. carve as shown. 

Since the Induced k c^^posite m phase to the applied 

e.ritf. it will be seen diat the comnt lags behind the applied e.m.f. 
by an an^ of 90^ Such a enmnt is consequently called a lagging 
current and ttactaoce only is considered the angle of lag is 90^. 

6. CAPACrnVB REACTANCE 

A condenaer acta amztewhat aonilarly to a coil of wire when an 
alteraadng carteox k applied it, in due k also impedea the cur- 
rtne flow, dx efface bdsg due to what k knotn as cajxdtive react- 
ance. Tins may be uiidctsa)od by cotk^ering the following aD^gy, 
wi^ compoadk rather dojdy to dx action erf a condenser, if 
as k forad into a small niM>cc balloon, as the aides of the balloon 



RraR 328 ^ VNcas* *<>4 cerreAC enrvee 

pTOdoced via Blcunittog e.n.f, is 
applied ro as iodutaac* 
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Jre distended they exert a pressure tending to prevent the How of 
aif into if. The greater the amount of air that flows into the balloon 
the greater will be the back pres¬ 
sure exerted. If the pressure fore- 
iog the air into the balloon be 
gradually raised to maximum and 
then reduced, the moment it starts 
to reducer the back pressure will 
force the air out of the balloon. 

A similar acnon takes place in 
the case of au elecCncal condenser. 

At the moment the pressure is 
applied thete is no back e.m.f. and the current consequently flows 
into the condenser with a minimum amount of iinpedance. As the 
current rises in value the back pressure builds up and reaches a maxi' 
mum at the moment that the applied voltage has dropped to zeto. 
Prom an inspection of Figure 329 it will be seen that the current leads 
the voltage by 90^. TTiU is called a leading current and reaches an 
a ogle of 90^ only when no other factor chan reactance is considered. 

As in the case of inductive reactance its value is measured in 
ohms. Its numerical value Is as follows: 

y_1_ 

where Xo “ capadclve reactance 

f ^ frequency in cycles per second 
C = capacity in farads 

We thus have two forms of reactance occurring in alternating' 
current circuits, both of which impede the flow of cunenc and most 
be coQsidered in all cases where Inductance or capacity are present. The 
manner in which reactance values combine with pure resistance values 
will bedescribed in the following section. 

7. INDUCTANCE AND RESISTANCE IN SERIES 

When inductance alone Is present in an alteinaclng-corrent drcuic 
the current will lag behind the voltage by 90^ as explained in Section 
5. If resistance alone is present the current will be in phase with the 
voltage. If, on the other band, inductance and resistance are both 
present the current will lag behind the voltage by some angle less 
than 90^. the exact angle being determined by the relative amount 
of inductive reactance and resistance present. 



^gQr« 329 A (jpaeltivt mcraeee 
<atucs rbr cumac to lead the 
to) us* by 90*. 


484 


MOTION PICTURE SOUND ENGINEERING 


Wbec tucimet and reaUunce values are combined in a ciccoit» 
the local opposition that they offer to the flow of current is termed 
impedance and is designated by the ktlci Z. The toial impedance may 
be calculated as follows: 

and since Xt ss 2 wfL 

z^V^FTTTTTtp 

The reason that resisuoce and reactance values are not combined 
afithmetually is, of conrse, due to the fact that they act out of 
phase with one another and must consequently be combined vectori- 
ally in a manner that will be described more in decaU later. 

8. CAPAaTY AND RESISTANCE IN SERIES 

If capacity alone U present in a circuit it causes the curreni to 
lead the voltage by 90**. When resistance and capacity are both 
pcesent they must be combined in a manner sixnUar to chat described 
is the last section in the case of resistance and iDduccance. The total 
effect is also termed impedance and may be expressed mathemati¬ 
cally as follows: 

but siflce Xc “2 /O 



9. INDUCTANCE. CAPACITY. AND RESISTANCE 

IN SERIES 

When inductance and capadty arc both present in a circuit it is 
apparent daat since uidnctance causes the cnrreDt to lag behind the 
voluge by 90" and capadty causes cbe correnc to lead tbe voltage 
by 90". these cwn act ISO" ooc*of-pbase widi one another and so 
tend CO cantti cuie anoAer. Tbe individual ceaccances most thece- 
fore be subtracted from one another in order to decennine the total 
reactance. The resolting impedance may be stated as follows: 

10. GENERAL lAW TOR ALTBRN&TING<CURR£NT 
CIRCinTS 

It will be obTfOQs from foreg^ng dst since (be combination 
of redstaux. indmtanfr and c^adCy tteohs tn a factor teemed imped- 
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anc< that th« cart<&t in a circuit of this t^pe must be equal to the 
effective voltage divided \>j the total impedance of the circuit: 

£ = i2 
and 2 = ^ 

The solution of alternating-current circuits using the above 
formulae will of course give the amount of voltage, curient or 
impedance in the circuit, but will give no information as to the 
phase angle of the current: i.e.. whether it leads, lags, or is In-phase 
with the voltage, The solution to this type of problem will he 
given in subsequent sections. 



Chapter XXXVI 
VECTOR NOTATION 

BvA. P. HILL 

If a force hi applied to an object id motion or at rest, the amount 
of force so applied may be expressed m any convenient system of units. 
The valoe given would define the amount of force applied but would 
give no indication of the direction in which 
it was exerted. It is possible, however, to 
make use of an expression that will describe 
both the amount of font and its direction of 
application. Soeb a quantity is called a 
vector. 

In Figure 330 the length of the line OP 

may represent cb« amount of force and the angle at wbich chis line is 

drawn may represenc the direction in wbich the force is applied. OP 

is then a veaor. Any vector such as OP may be considered to be made 

up of two components at right angles to one 

another, with OP as the bypocenose of tbe 

right angle rriaugle thus formed. Figure 331 

shows such a triangle in which the sides R 

irKl X are tbe two components acting at 

ti^t angles to one another and Z the re* 

Riw 3SI — Tbe T«ot Z U suJrant of these two forces. 

■JM or evo <oapMat$, 

AaodXicricfocu^csco The magnitude of OP = 

ooe seodMT. 

It now becomes necessary to have some means of describing at 
what angle Z k applied. To do this we cuke use of the letiet /, which 
fepetKftCi a totadoo oi 90* connto-clockwise of any quantity to which 
itisattadud. Thus, tfaeexpresmon Tsc +/Xindicatts that Zis a 
vectot whose component pans ate R and X a nd since J is associated with 
the X quaadty. it iadicatts that X has been rotated 90* in a counter' 
clockwbe direoioa ftom It When used in this manner tin quantiry , 

48d 






Figgre 330^0? is 3 
nciar indicadne snovoT 
aad direcrioo of fores. 



''ECTOR NOTATION 


487 



ts called ao ‘'operator'’ and its meaning 
has already been described. Referring 
no w to Figure 3 ^ 2, i f A is a vector applied 
in the direction showo, jA represents this 
vector when rotated 9C® in a counter- 
clockwise direction. 


j(jA) or j^A represents a councct* 
clockwise rotation of 180® from the 
i=iS.«JJ2-Th.<.pm»r;i.. If the plus sign repre- 

di<a(« a roraiion is a coaoter- sscts a force applied in one direction and 
<lock«ist ditttdoa of 50*. the minus sign represents a force applied 
in the opposite direction, then pA = —A. ;*A will then represent a 
counter-clockwise rotation of 270® and is equal to —/A. The positions 
of these various vectors are indicated in Figure 332. 

From the above i 

y (/A) = j^A 


From the above: 

where gives only the magnitude of a vector* but R + jX 

gives both the magnitude and angular position. 


Referring to Figure 333 and by application of the fundamental 
laws of frigonometty 

R = Zcos$ 
and X = 2 $ 

2 = R-^jX 
= 2 cos 8 -f- yZ sin $ 

= 2 (cos ^ + y sin 0 ) 

thus the magnitude of the vector equals Z and the angle equals 
(costf-h/sm 0 ). 

This is usually written Z ^ or Z /$ where ^ represents a 
poative angle and represen ts a negative angle. In this coo nectlon an 
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iudoctince U aid to rauit in a posiliw angle and a apaeitance in a 
oegative angle. 

In making computations with ; and non / terms, it shonld be re¬ 
membered that ; terms can be combined algebraically only with other 
j terms. / terms can be combined with non / terms only geometrically. 

From the above it will be seen chat vectors may be expressed in 
either the R-\- ]X otZ y 6 form. 

It may also be shown that the ^ portion of the vector is an ex¬ 
ponential factor and should be treated as such in all calculations. 

Vectors may be added, subtracted, multiplied, divided, etc., and 
these various methods of treatment are explained belovr. 

1. ADDITION OF VECTORS 

In order to add vectors to one another they should first be expressed 
in the A -f jX form and treated as follows: 

CRi + yXi) -I- (Aj-h/Xs) := (Ai + Aj) -I- / (Xi + Xj) 

2. SUBTRACTION OF VECTORS 

In order to subtract vectors from one another they should first be 
cxpcesscd in the R jX form and treated as follows: 

(Ai jXi) — + jXi) ^ (Rj — Ri) -f / (Xi — Xs) 

3. MULTIPLICATION OF VECTORS 

In order to multiply two vectors together they shonld first be 
expressed in ibe Z / 9 form and the magnirndes (moduli) should be 
mnltiplkd and the angles added. 

Thus = + 

4. omSION OP VECTORS 

In order to divide one vector by another they shonld be expressed 
in the Zform, the magnitudes divided and dx angles subcracced, as 

z,Zfi 

5. CONVERSION 

From the above tt is a^arent that it will be frequently necessary 
CO convert vecTois frcm the A + jX.to dM Z /f , 9 form and vice-versa. 
This may be pof ooned as foEowe: 
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Refentog co Figure 333: 


, R X 

Z ^ --T oc . ■— 

cos^ $iq4 



Fisort 333 — AppliciEjos «f 
vKton to inptdaece, re- 
asudee and reaeun« 
valua. 



Figen 334 — A miiuoce of 6ve 
ohfTu in min with an indu<unct 
of u& obaa. 


f«mp/e: From Figure 334 
tan 0 s; 2 


Z = 


= 63’ 25' 
R 


coiS 


_ l_ 

0.447 

=; n.2 

5 + iio^ \\.2/6yjy 


Vector? (fi the Z / B form may be converted laio the R + /X form 
aa follows: 


= 2cos 

and X^ZsinB 


Referring again to Figure 334 

R= n.2 cos 63* 25' 

= 11.2 X 0-447 
= 3 

X= n.2sia63’ 25' 

= 11.2 X 0.8^4 
= 10 

Ad example illustraciDg the addition of vectors b as follows: 



Rfore 335 — Rrtinaiicce and rmdsccs ia 
leHM wicb oat anoeber. 


To find the impedance of the circuic shown in Figure 335 

Z« (R, 4- R, + R,) + / (Xi + XO 
* (70 + 60+ 100) +/(Xi + X?) 
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but Xi ^ 


1 . 000.000 


2»fC 
as —796c>hms 

Xt= ZrfL 

^ 12S.6 obms 

/. . Z = (70 + 60 + 100) + / (—796 +125.6) 

= 230 + ; (—670.4) 

la ordec to express this vector in ibe Z yf form, proceed as 
follows: ^ 

—670.4 
7315“ 


(an 9 = 


Z = 


= —2-9 
= —71* 
R 

QOS$ 

230 


”0.3256 
S9 709 ohms. 

7=709 /7!^ 

PoHowing is another example of this type of calcaladoo. To find 
the total impedance of the circuit shown in Bgore 336. 



A.S. V/79* 


(- ^ -1 

Figm 33$ — Tbnf Rdmaeca ud racuocce 
H eerki vicb oa« jooUxr. 


2= (R, + R,+a.) +/ (Xj+x,+x,) 

(8.7 + 10.6 + 10) +7(5 +10.6 + 17-3) 
= 29.3+; (32.9) 

Expressing this vector m the Z form; 

__ 32.9 




= tan-’ 1.12 
= 48* 
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44 ohms 


In the foregoing example, 

note thatfi = 10 / 50® 




Figure 338 -^MulCtpliatioa and dlrial^ii 
of TMCOn. 


aoces in parallel, R = n “ ,n where and Rt are the two resistances 

Ki 4- K# 

which are connected is parallel and R cepresenca the total resiscaact of 
the combination. 

A asiilat solution is made is the case of as altetnating* current 
circuit of the type shown is Figure 338 where, tf Z / 9 represents the 
total impedance of the combination, Zi / ^ the impedance of the 
upper portion, and Z\ / 0t that of the lower, then 

Zt / ft y Z? / 

Z^=:-i=-^ 

Since quantities in the numerator must be multiplied and those in the 
denominator added, it is oecessary to express the numerator in the 
Z / 9 form and the denominator in the A -I- /X form, Thi« "^^7 ^ 
done as followa: 
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= tan 


>1 


62.8 


Z; = 


50 

S un-» 1.255 
= 5P IT 
Ri 


cos 

50 


Similarly 


0-6232 

^ 80.3 obms 

Z, 50 + ;62.8 r= 80.3 /5P 27^ 

, 188.4 

= tan-* 4.71 
= 78* r 

40 


Z» = 


inoTr 


B 193 ohms 

2s/4g = 40 + il88.4 = 193 /78^ T 

7 _ ZiZ>/8 i + 98 

(i^ + Ri) + / (X, + X,) 
80.3x193/51^27;+78^ T 
” (50 + 40) +/"(‘8^+ iT8.4y 
15,500/129^28^ 

~ 90 + y25l 

la order to dmde cbe deaomiaator iato the nunerator it must oom 
be put in tbe Z / 9 form as follows: 

9<3 + i25l^-£j /t^-^ 

_ 90 / ^ 251 

90 /70^ir 

” 0.3374 
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15.500 / 129* 2S' 

267 / 70 * 77 ^ 

= ^ 1 ^ / 129 * 28 ^— 70 * 17 ^ 

= 58 y 59* \V 

Fcoffl the fongoicg it will' be seen that this method of solution is 
not only quicker than that shown in the previous chapter, but in 
addition gives the phase angle as well as the numerical value of the 
impedance. 



Chapter XXXVII 
RESONANT CIRCUITS 

By A. P.HILL 


Iq ChapterXXXV on the snbjecs of the impedance of drcaica baying 
both inductance and capacity io sexies. it was pointed out that the total 
reactance wae equal to the diiference between the individual reactances, 
since tbey act 180^ out*of'phaae with one another. If io any circuit 
these two reaccaoces happen to be eqaal to one another, the net reactance 
will be zero and the total impedance of the circuit will be equal to the 
resistance value. When this condition occurs a state of lesooaoce is said 
to exist and the current flowing io the circuit will be the maximum that 
it is possible to obtain. 

If a condition of resonance exbts. then 


and solving this eqaation for f it will be seen (hat 

/-a-—!- 

2 T ‘sJLC 

where L = inductance in benrks 


C = capacity in farads 


If L is expressed in aicrobenries and C in microfarads, this equation 
becoous: 


3 X 10* 
1884.96 VTC" 


HgiLR 343, Page 498, shows gnphically the impedance of such a 
circuit when the condinons are as shown. The imp^ance and phase 
angle are shown for two conditioos where R ss 0 and where R s 500 
ohms. 


Figure 344, Page 498, shows, foe a similar circuit, the curve xepre- 
seating the current in the dxcuit when the rsiscaoa is varied. 

494 


RESONANT CIRCUITS 


4?5 


Figure 345, Page 499« $bow« the effect of varying the inductance 
op the current in the circuit. It will be noted here that the point at 
which resonance occurs varies with change of inductance. 

Figure 346, Page 499, shows the effect of varying the capacity in 
' the circuit. As in the last case the resonant frequency changes with any 
variation in capacity. From the foregoiug curves it will be realized that 
any circuit of this type will have some frequency at which it becomes 
resonant. This is obvious from the fact that if we take any circuit 
containing inductance and capacity in series and start with some low 
frequency, gradually raising this frequency to a high value, the in* 
ductive reactance will gradually increase, while the capacitive reactance 
decreases. Consequently there must be some frequency at which these 
two become equal. This is called the resonant frequency. 

It may be well at thU point to review one or two of the conditions 
occurring in alternating current dxcuits. 



Vv^(V\/v- 


Figuft })9 <—ReaiJiance only. 


ZssR 


e=iz 




a—VVW/SA^ 

Figure $40 — R«nfua<e *n4 induction in sens. 

£^JZ 

Z = 6 = tan ^ 


A 

o AVVNAA 



Figure $41 •^RoitUnce apeeity la senei. 

/=— E = JZ . E = ?r + E„ 





Figure $42 — RetisUAce, iadiuraoce. capacity ia peri lief 
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If w« now eonsid«r a simple form of parallel circuit as shown in 
Fignre 342: 

E^IXi=iIR^JXo 

7=;^+j.-f-rc 


If we new wish to find the impedance of a circuit of the type shown 
in Figure 342 it may he solved as follows: 

Let £= 12 volts 

RsiZ ohms. Xtf = 3 ohms, = 4 ohms 
/p = 6 amps.* — 4 amps . /& = 3 amps. 


— + 1 * 5 ; V5T = 6.0fi2fi amps. 

*7 5 12 , . 

^ = r = = 

g= ^ =tan-K-0.l67)=/9^ 

Ancxher method of solution for chU circuit is as follows: 

2c = 0-—i3 = 3/9(5^ 2t = 0 + i4=:4 /90^ 

2cl — impedance of C and L in parallel 

- 12 yo" 12 /0« 

= o+TT = T ■^•= 

= 0-/12 

The impedance of Zot, »nd R in parallel 

24 yW 

2 —/12 “ 12.2 yWTF 

= !.97y 9® zV as above. 

Still anocber method ^owa; 
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Pigare 347, Pag« 500« sbowi the djstdbntioo of voltages which 
exist in a resonadt parallel circuit. 

Figure 348. Page 500. shows the discribudoo of currents in an and- 
resonaoc circuit, and Figure 349. Page 501. the total current in the ex* 
ternal circuit is an arrangement of this type. 

Figure 350. Page 501. shows the impedance values occurring in an 
anti* resonant circuit. 

Only the simplest forms of parallel resonant dxcuits have been 
mentioned above. It will be realixed that there are many possible 
combinations of such circuits and it will consequently be impossible to 
treat of them all. For further Information on this subject reference 
should be made to standard textbooks such as “Radio £np<neshnp.'* 
by Terjnan. etc. 
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Chapter XXXVIII 
VACUUM TUBES 

By A. P. HILX 

Ic was€xplained id Chapter XXVI that a current flow of electricity 
consini of a delft motion of eleccrotu through a conductor in a direction 
from the negative to the positive pole of the source of supply. 

It is not necessary that this electron motion take place through a 
physical conductor. It can equally well occur through a vacuum and 
still constitute a current flow of electricity. Electrons can cot of coarse 
be made to pass through air except at extremely high potentials* in which 
case an electric spark occurs. An extreme coudltion of this type is a 
flash of lightning which is the result of the passage of elections through 
the air due to au extremely high potential being produced* usually 
between a cloud and some orbet object, the accompanying thunder 
being dne to the air disturbance created by the passage of these electrons 
through it. 

In order to noderstand the factors producing a flow of electrons 
through a vaconm. it may be helpful to consider an analogy which 
possesses some points of resemblance to the electrical cast. If a body 
of water be gradually raised to the boiling point, as the tereperatuie of 
the water inaease^ the molecules of water move within the substance 
at higher and higher velocities until eventually some of them attain 
such a velodty that on rising to tbe surface of the water they have 
safEckiit energy to break away from the main body* in which case 
they appear above tbe surface in the form of steam. A somewhat 
MmiUr action takes place If an electrical conductor U heated in a vacuum 
by tbe flow of an riectric enmne through if. As the temperature of tbe 
metal is raved tbe vriocicies of flx molecules and electrons increase, and 
by tbe rime chat it has lescbed a red beat the electrons have attained a 
velocicy of appfoximacely 300 miles per second, When a velodty of 
about 600 miles pa second is reached many of them will escape through 
tbe surface of the metal and be dirowe off into tbe surrounding space. 
The electrons ^at escape from the metal are tbe same no matter from 
what metal they arc evapocated. 

Figure 351 shows such a conductor enclosed in a glass envelope 
frton wUdi nioa of the dr has beta excluded* the conductor being 

m 
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he 3 t«d by the passage of an electrical current through tt supplied by 
the battery marked A and called the "A" battery. 

Under this condition«after the electrons leave the con* 
ductor, which is called the filament, they appear in the 
space surrounding it and some of them will actually 
bombard the glass envelope and eventually return to 
the filament. 

From Chaplet XXVI it will be clear that since the 

electrons are negatively charged particles, the moment ^_ 

that any of them leave the filament some of its ncga* When a meul is 
tive charge has been removed and it therefore becomes 

UQiD. elKtioar are 

positively charged. Since there is then a positively mporaMd fton it 
charged body surrounded by negatively charged 
particles (electrons) these latter will be attracted by >5 ntgitively 
the positive charge, thus all the electrons emitted Pirtidw. 

will eventually be recaptured by the filament. 

1. TWO-ELEMENT VACUUM TUBE 

The first vacuum tube to be developed was of the two-elcmenc type 
consisting of a filament and a plate as shown in Figure 352. 



J -T In this type a plan is inserted in the 

glass envelope and Is given a positive charge 
by the battery marked "B” in the figure, the 
positive pole of which is connected to the 
^ plate and the negative co the filament. When 
— ihe carrent from the' 'A* * battery stares cofio w 

J~ through the filament it calses its tempera* 
* ' ture and electrons are emitted in the manner 

Fijufe 352 Electr©dj described in the previous section. Since now 

eiQctred by tbc filameoc m the plate is given a positive charge by the “B" 

^K^nVMP- l>artery, many of the electrons emitted will 

Claw (btoagb (be eonPKtiBs ' be attracted by this positive charge and will 
wim back cv ibe eUmeot. consequent! y strea m across the space bet wee n 

these two elements, continuing through the connecting wires and bat* 
eery, eventually returning to the filament in the direction sbovm by the 
arrows. This constitutes a flow of direct current, not only in the wires 
comprising the citcuit. but also in the space between the filament and 
plate. There is thug produced a direct* current flow in a vacuum which 
is just as truly an electrical current as when this takes place in a metal 
condoctor. 


Vacuum tubes of this type are commonly used as rectifiers. 
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Is AMOUNT OF CURRENT FLOW IN A VACUUM TUBE 
From fcndamenul considerations discussed earlier it is apparent 
chat we can ascertain the amount of current flowing in a vacuum tube 
under given conditions. In Chapter XXV the diameter, mass, and 
electric charge of an electron were given. For convenience these values 


ace repeated: 

Diameter.3.2 X 10"** centimeters 

Mass -.8.9 X 10-** grams 

Electric charge - • • • 1.59 X 10“” coulombs 


One coulomb therefore consUrs of 6.29 X 10** electrons, and since 
one ampere Is equal to a flow of one coulomb per second, it Is produced 
by a flow of 6.29 X 10** electrons per second. If we therefore are able 
to determine the number of elections beiof emitted by a filament under 
given temperature conditions, it is possible to calculate the maximum 
amount of current that can be produced in the place circuit. 

5. VELOCITY OF ELECTRONS IN A VACUUM TUBE 

The velocity with which electrons move in a vacuum rube in the 
space between the filament and plate will depend partly on the 
potential difference between these two elerrunts. 

The unit of work in an electrical circuit Is the jonle and is the 
amount of work done by a entreat of one ampere flowing through a 
resistance of one ohm. 

where W rs joules 

Q = coulombs 
voles 

The work done on an electcon equals QV where V is the potential 
difference of the points between which it is moved, and Q its electrical 
diarge. 

A mechanical body in motion possesses a certain amouot of energy 
equal to ^ MV* where M = Mas in grams 

V = Velocity in ems, per second. 

Tbe resolim unit of energy is the Erg. 

Since one jonle s: 10’ ergs 

H MV* = QVx 10’ 

from whid} Vst X 10* 

If, u tbit equa rioft . we subscicuce foe p s od M the corresponding val ues 
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for an electron and aasume this electron to be affected by a difference of 
potential of 10 volts, the equation becomes: 

t^_j Tx 1.6X 10-^^ X IPX 10^ 

' 8.8X10-“ 

From which V = 1900 kilometers per second, or about 1180 miles 
pec second. From this it will be seen chat electrons under these condi- 
cions attain extremely high velocities. In the case of a water-cooled 
vacuum tube with a plate potential of 10.000 volts, electrons may 
attain a velocity as high as 37,000 miles per second, and It is because of 
this high velocity bombardment of the plate that under such operating 
conditions it frequently becomes red hot. 

4. AMOUNT OF PLATE CURRENT 

Referring again to Figure 352. there are two factors which determine 
the amount of plate current that will How. These ace (a) filament 
temperature, (b) plate potential. 

Figure 353 shows the way in which 
the plate current will vary when the 
plate potential (Ep) is changed and 
three different values of filament temper* 
acute are considered. Ic will be noticed 
that for the temperature marked T\ a$ 
the place potential b raised from a low 
value, tbe place current (/^) gradually 
increases up to a certain point beyond 

which the curve flattens off. indicating Figure 35)_Tbe plan cetrcAC 

that all of the electrons that have been may U iKtoaed by laWog the 
emitted by the filament at that tempera- rempentere. 

cure have reached the plate and consequently no matter how much the 
place potential is raised beyond this point no further increase in plate 
current is possible. When the filament temperature is increased to the 

values marked Tt and Ta more electrons 
are emitted and a higher maximum plate 
current b consequently obtainable. 

Referring now to Figure 354, ic will 
be seen chat for a given value of plate 
potential (Vi) tbe plate current rises as 
the filament temperature b increased up 
CO tbe point where the maximum number 
of electrons which that plate voltage can 
attract are reaching it. If now a higher 
plate voltage is applied, such as shown by 
Vi or Vg. higher valoes of place current 



Figore 354—Tbe pl«tt cemst 
Bt»y be laereMed byAalonlsuig 
1 coBRsat filsneat ttapentere 
AAd aiug tbe pbte pCCeoCtel. 
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will re^lc. but in each case a maximum amount will be reached as 
indicated by the flattening off of the eurres. 

5. SPACE CHARGE 

^When the filament is emitting electrons which are being attracted 
to ^ plate, due to the fact that at any point in cb< space between the 
filament and plate a certain nomber of electrons are always present, 
this point will have a negative charge, the amount of which depends 
upon the density of election flow. This charge Is called the space charge 
of the tube and acts as a limiting factor on the plate current. Tbe denser 
the flow of elections the higher will be tbe space charge. As a result, if 
we consider any point in the space between the filament and plate, its 
negative charge will tend to repel the electrons between it and the 
filament, thos .cutting down the total number of electrons reaching the 
plate, and as a result limiting the plate current. The space charge is 
therefore an important factor in tbe operation of a vacuum rube. 

6. THREE-ELEMENT VACUUM TUBE 

If a (hied element is ifieertcd in a vacuum tube between the fiJacneac 

and plate* and if a negative potential be applied to this element, it may 
be as a control element In limit' 
ing tbe plate corrent to any desired 
valoe. 

Hguxc 355 shows such a tube In 
which tbe third element or grid has a 
battery, ommoaly called a bat* 
eery, connected to it which gives It the 
desired negative potential. If this 
pocendal U hi^ very few of tbe 
electrons which leave tbe filameot will reach the plate. If. however, it 
is low in value most of them will arrive at the plate and so constitute 
a relatiTely large pUce current. It will thus be seen that the potential 
applied to tbe grid determines tbe amount of plate current. If this 
pMencial be anosoidal. so also will be the plate current. 

7. VOLTAGE AMPLIFICATION FACTOR 

Referring to Hgure 356 we have assumed a case in which tbe plate is 
held as a volt pog ^ n potential with respect to the negative end of 

filament. 



Figwe 355—Gremt of cbnr*e!e* 
ncfii vueeai rebi. 
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If we assume a uniform drop in potential across the plate-filament 
space, at a point half way between them the potential would be 50 
volts above the filament- If we pick the point in this space that i* 10 
volts above the filament potential 
and insert at this point a grid to 
which a negative potential of 10 volts 
is applied, it is obvious that these two 
potentials would exaedy counteract 
one another and would therefore 
suit in no attractive force being 
applied to the electrons leaving the 
filament. Pigare postJon of ebt 

.. , ffrid affects the pUtt cunrst. 

If the grid now be moved closet 

to the plate its effect on the plate potential will become less and less so 
that its power to conttol the plate current will depend not only on the 
potential applied to it but also to its position with respect to the other 
elements of the cube. If we assume any given position for the grid, apply 
a negative potential to it. measure the plate current and then reduce the 
negative potential on the grid by one volt, we would obtain a larger plate 
eoirenc, If w« now return the grid to its original potential and in¬ 
crease the plate voltage until the original value of plate current is 
obtained, we might find chat it was necessary to increase this voltage 
by 10 volts. 

Consequently, a change of one volt on the grid is as effecrive in 
this case aa a change of 10 volts on the plate. In other words, we have 
obtained a voltage amplification factor of JO in the particular tube 
under consideration. This voltage amplification factor is another of 
the important characterUcics of a vacuum cube and enters,into practically 
all calculations on amplifier characteristics. Amplification factors, vary¬ 
ing from 5 up TO 50 or more, are obtained from three-element vacuum 
cubes. The Greek letter n is the symbol used to represent this consunt 
and may be shown to be equal to the rate of change of plate voltage with 

respect to the grid voltage, or equals where d represents a small 

change in the quantity with which it is associated. 

8. PLATE-Fa.AMENT RESISTANCE 

In common with other electrical circuits the pUte-filament resUtance 
of a vacuum cube may be determined by dividing the differences of 
potential between these two eleme^vs by the resultant current flow: i.e.. 
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where Rp =: plate to filament resUtaoce 
= plate voltage 
Ip =s plate carrent 

Figure S57 shows a typical plate 
voltage*pUte cutient curve for a triode 
and it will be noticed that the value ob' 
talced by dividing the plate voltage by 
the plate current will vary, depending 
upon what point on the curve is con¬ 
sidered. Since, under operating conditions, we utilize a considerable 
portion of the curve, it is obvious chat the direct-current plate to fila¬ 
ment resistance would not necessarily give a true indication of the 

situation under operating condi¬ 
tions. We. therefore, make use of 
what is known as the alternating- 
current plate to filament resistance. 

By reference to Figure 358 It 
may be seen that it is dececmined as 
follows: 


P/9f* ibfttyt 

Pigaic 3 57*^E^aie camai-pliu 
volnie cbsncuristic of ebne- 
vuQuo) (ob*. 



0t/4 




Fisore 358 — Tbe pbCK-filuDcot rt~ 
ibtrtce B 117 bt tawalaed frotn tb» 
place Toluse-^an correiic com. 


^ J«4“—/rt 


Tfaa b known aa dK alternaciDg-curreDt plate-filament resistance 
and » also aomedmes called the place-filament impedance. 

9. MUTUAL CONDUCTANCE 

Tlie cxndocUAce of aa ordizury direct-current circuit is considered 
aa the tnc^xocal oi the nscacance. If we designate the conductance by 
the letter G. then 



In tfw duee-demeot vacuum rube, however, we are principally 
intereicad m fhe variation In plate current produced by a change of 
grid voltage nulxf than by a change of plate voltage. The mncoal 
osnductasce tbertfoce must equal tbe plate current divided by the grid 
voltage BCber than the place c'SrreDC divided by tbe plate voltage, and 
a wu (he mutual coadortance by the symbol Gn, then 
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From Section 7 it waj shown that 



and in Section 8 it was^hown that 



Consequently Gm = '&‘ 



-i. 


Thus, the mutual conductance of a three-element cube equals (he 
amplification constant divided by the place to filament resistance. 



Chapter XXXIX 
TRIODE AMPLIFIERS 

fiir A. P. HILL 

I. THREE-ELEMENT TUBE AS AN AMPLIFIER 

The amplifying property of a Tacuam robe retilcs from the fact 
char when a potential is applied to the grid po grid current resnlts as 
lopg as the grid is maintained at a negatbe potential. There is> however* 
an increased voltage released in the plate circuit which results in a change 
in plate current. In this way it is possible for a voltage representing the 
expenditure of practically no power to be applied to the grid of a vacuum 
tube and to release an appreciable amount of power in the plate circuit. 

Amplifiers may be classified in several ways. They may be designed 
to increase either the voltage or power in a circoit arni ace coiisec|uencly 
called voltage and power amplifiers* respectively. 



Figore 359 shows the fnndamental dicpit of a triode amplifier in 
wbkb "'A” 8 the battery that supplies power to the filament in order to 
raise ^ tempenturc to the point where satisfactory electron emission 
takes place. '3" is the bactery that applies a positive potential to the 
plate in order to attract to it ekctroiu that are emitted by the filameor. 

is tbs battery applied to ths grid which maintains it at some desired 
oeguivc potesacisl* thus preventing the flow of any grid current. If now 
an altenuicuig pocendal is applied to the grid its voltage, will vary about 
the mean value determined the "C’ battery and as a result the plate 
current vdll deoeaae and increase as the grid becomes alternately mors 
or less mgadvt with respect to the filament. Such a condidon is shown 
graN^cuIly in Hgure 3fl0. 

In Older to obtain amplificadoa with a minimum amonut of dis- 
tortiofl* one of the e astn ri al s is diat the grid never be permitted to become 
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positi7<< for such a positive grid would rapture some of the electroos 
which are being emitted hf the filament 
and these would pass around the grid 
circuit back to the filament, thus coosci- 
cucing a grid current. Neither should the 
grid potential be allowed to swing so far 
negative that Che lower bend of the grid 
potential-plate cunent curve is reached. 

Conwqucntlf the “C” battery value or 
grid bias is selected so as to fall about the 
mid-point between the zero grid value 
and the point at which the plate-current 
curve reaches its lower bend, which, in the case of Figure 360, is 
approximately minus ten volts. 



Fijore ^ A cbsnse ia grid 
p«ttficU\ resoles ut 9 corrnpoad* 
iag cbange >q plare current. 


H consequently, we pick a value of minus five volts as the point at 
which to apply (be altecnating*currenc potential, we may apply an 
alternating voltage Co the grid which may have a peak value of five volts, 
in which case, the grid vrill never be driven positive nor will it pass be¬ 
yond the minus ten volt value previously mentioned. Figure 360 shows 
the effect produced on the plau current by applying an altecnatirig- 
current potential to the grid. 

2. MAXIMUM VOLTAGE AMPLIFICATION 

OBTAINABLE 

The maximum voltage amplification obtainable by the use of a 
single triode is limlred by its amplification constant, since the amplifica¬ 
tion constant is the total amount of voltage released in the plate citcuit 
divided by that applied to the grid. If it were possible co use all the 
voltage released in the plate circuit we would only obtain a voltage 
amplification equal to this amplification constant. The voltage de¬ 
veloped aaoss the tube itself is. however, wasted since the proportion of 
the total voltage that is applied to the grid of the second tube is that 
developed across the coupling device. 

If we now consider a case where a microphone is used to convert 
acoustical into electrical energy, as for example in a loud-speaker sys¬ 
tem. it will be necessary, in order to satisfactorily operate the loud¬ 
speaker, to increase the amount of power existing in the microphone 
citcuit possibly several thousand times. This means chat the vacuum 
tube immediately preceding the loud-speaker must be capable of deliver¬ 
ing in its plate circuit an amount of power equal to that which the loud¬ 
speaker requires. In order co release this amount of power from a 
vacuum tube it means that a considerable voltage charge must be applied 
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CO ics grid and since the voltage oncpnc of a microphone Is quite small, 
there must be one oc more stages of ampliilcatiofl preceding the final 
power stage which consecutivelr build up che voltage to the value ce* 
quired for application to the grid of this rube. Such an amplifying 
system will normally consist of several stages of voltage amplification 
and one final stage of power amplifiution. and as previously stated, the 
design of voltage and power amplifiers is quite dilTerent. These will now 
be discussed In some detail. 

3. VOLTAGE AKIPLIFIERS 

In Older to connect two or more cubes together so that the voltage 
released in the place circuit of oae may be applied to the grid circuit of 
che next, they may be coupled together in three different ways. These 
ace known as: (a). resbtance coupling: (b). impedance coupling: and 
(c)« transformer coupling. 

(a) RcafsCance Coupled Amplifiers 

In a voltage amplifier che object b to obtain from the place circuit 
of one rube as high a potential as possible for application to the grid of 
the nen cube. In ebb way, by otilizing several stages of amplification, 
the voltage may be budt up gradually until at the grid of the final power 

Stage there is delivered a potenfial large enough to release ibe required 
amount of power in its plate circuit. A resistance conpled amplifier is one 
in which a resistor Is Inserted in the place dreuit of one tube and actoss 
this reststoc tbe grid and filament of the next tube are eoaoected. Thus, 
all of the voltage developed across this resistor ia applied to the next ' 
stage. Any voltages developed In other parts of the plate circuit Will, 
however, be lost. Figure 361 abows a simplified circuit of an amplifier 
of this type in which is tbe eoapliog resistor and Co and Rol are che 
grid condenser and grid leak respectively, tbe purpose of the former bring 
to prevent the pbtc potential of the first tube being applied to the grid 
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of the second tobe, and of the latter to prevent the "C" battery from 
abort drcaiting the grid and filament of the second tube. 

if we now consider the plate circuit of the first rube we see that it 
consists of two resistances in series, namely, the resisunce of the plate to 
filament of the first tube and the coupling resistor Ro~ Any 
voltage developed in this circuit would, therefore, be divided between 
these two elements, the larger Voltage being, of course, developed across 
(he larger resistance. As stated above, the voltage developed acrexss Rc ii 
the only portion of the total released voltage that is applied to the grid 
and filament of the second cube. It is. therefore, advisable to make this 
resistance as large as practicable in relation to the place-filament resist¬ 
ance of the tube in order that the voltage developed-across it may be as 
large a proportion of the total voltage possible. 


We should, of course, be able to calculate the amount of voltage 
amplification that can be obtained for a single stage where the constants 
of the circuit are known. Referring again to Figure 361, the voltage 
applied across the grid and filament of the first tube is designated by Vi 
and that across the grid and filament of the second tube by Vj. The 
voltage ampUficacion obtained is. therefore, (he ratio of these two 

voltages or A where A represents the amplification per stage. 

The signal current in the plare circuit of the first tube equals the total 
signal voltage released in this circuit divided by the total resistance of 
the circuit. This signal voltage will be the voltage applied in the grid 
circuit multiplied by the amplification constant of the cube, or/t X 

If we designate the portion of the signal voltage chat is developed across 
Ro by E,^. this must equal the value of the resistance multiplied by the 
current flowing through it. or 

^rC — X 

Substituting in this equation the value given for I, above; 


But. as stated above: 


ErC = 


£. 


XVtXK: 

R,^Rc 


A = 


V, 


So. if we now neglect the small voltage drop that occurs across Rqi and 
C<r. Vj will be seen to be equal to Er> 
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crcait of jsip(i£u. 


Ft8°M 362*D—SifflpliGed clr* 
coi( )«eance for imtenncduN 
freqoeflria. 



Pi|:vrt 3^2*B—SuB^^ed cu* 
cviracnnc* to Usfa freqBeocict. 


Tbe capadtf ifid the resboflce repcesrat the iaput capacity 
plos lay stray viriag capacictas. and tbc iapnt resiacince tejpcccively of 
tbe sccooci rabe. reptcseats tbe plate* filameat capacity of tbe fiiae 
colx togetbet vitb aay iCray virisg capadnee that are in parallel with its 
plate drcoit. Bsr ocdiiufy analyses tbe capacities and C'f may be 
combined into a am^ capacity aa ebown in Fignxe ^62-B. wbicb repre* 
aents dx pnccicil eqaiTaleot circiuc of the amplifiet. Figore 3d2*C 
rtpreaenta a gimplifed drcoit chat is accurate for low frequecetes. Id 
dus dra^nsg the capadey has beeo omirted since its sbunting 
capadty at low freqoeades la oegligible. 

4 

Figure 362-0 sbowa a dmpliied drenit that is accurate for inter- 
mediate ffeqoe&des in which it will be ooHced that the capacity Co 
thtSwn in the previoos figure has been omitted since the series reactance 
e^ssch k inaodnees ts negligible at tbe frequencies being considered. 
Figure 3$2-B shows a limpUfied drcoit that is accurate for high fre- 
queodea. In this figure the capacity C, muse be included since its 
shnndng t£<ct may become quite appreciable at these frequencies. 
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Figure 363. shows the voltage amplification per stage obtainable 
under tbe conditions indicated. Here amplliication values were cal¬ 
culated for various values of coupling resistor and a curve drawn 
through the points so obtained. It will be seen that tbe amplliication 
increases rapidly from low values of coupling resistor up to a value of 
approximately 60,000 ohms, and beyond this point the curve slopes 
off and the addition of a Urge amount of resistance in the coupling 
resistor results in but little increase in amplification. It will also be 
noted that an amplification value equal to 90 per cent of the ^ of the 
tube is obtainable when a coupling resistor is used that is equal to ten 
times its plate-filament resistance. Reference to this fact will again be 
made in the following section. 


(b) Impedance Conpled Amplifiers 

A simplified circuit of an impedance coupled amplifier is shown in 
F%ore 363. 



Here the coupling resistor Rc used in tbe resistance conpled amplifier 
Has been replaced by an inductance coil marked Zo- Apart from this 
change the circuit is similar to the resistance coupled type. We may 
calculate tbe voltage amplification per stage obtained with this type of 
amplifier in a manner similar to that previously discussed, sobscientiag 
for the value of the coupling resistance an impedance factor: thus. 

referring co Figure 363, the amplification per stage A = 

T^e voltage across the coupling impedance X 2. 

In calculating the value of I, care should be taken to maintain the 
correct phase relationships between the resistance and reactance com* 
ponencs of the circuic. Keeping these in mind it will be seen that 

mX V, 
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Figure ^66, shows the voltage amplification obtainable per stage 
where two 262-A tubes are coupled by means of ait impedance, the 
constants of the circuit being as shown.* 

By comparing this curve to chat of the resUtance coupled amplifier 
using cbe same cubes, it will be noted that the carve rises more rapidly 
foe lower values of impedance and that an amplification per stage equal 
to 90 per cent of the amplification constant of the tabe is obtained 
when coupling impedance is equal to twice the plate to filament 
resistance. 


Since cbe reactance value of any inductance coil will fall off at the 
lower frequencies and since the amplification per stage obtainable for an 
amplifier of cbia type depends upon the impedance in the plate circuit, 
ic will be seen ibat unless care is taken in the design of such an amplifier 
cbe amplification per stage will be less at low frequencies than at high. 
Fignxe 367 shows some frequency amplification curves calculated for 
various values of inducuiace using 262-A vacuum tubes under the 
conditions indicated. Here ic will be seen that in order to obtain a 
fiat fcequeocy response 4owq to 50 cycles it is necessary in this instance 
to use an indugance as high as 400 henries. At lower values of in' 
dnetance tbe amplification falls oS undl when osing only 10 benries 
mdoctantt tc sta r t s to dr^ at a ftequency of 2000 cycles. 


4. COMPAiOSON OP RESISTANCE AND IMPEDANCE 

COUnXD AMPLIFIERS 

la die am of a rttisaace coupled amplifier, since the value of cbe 
coupling reststor must be seven) times as geeat as tbe plate filament 
rcflicaiKC. tbeit will be a cosadenble drop in direct'corrent potential 
across it Cwseqacntly. in <«der to mauicain any specific voltage across 
dbe plate and filament of the rube ic will be necessary to maiatain tbe 
battery vdcage aevecal omet higher. 

In tbe oae ct tbe impedanez coupled amplifier it is possible to 
obtain a high value of inpedancs with a relatively small amount of 
direa-carcent rnsts ta nce in tbe coil thus avoiding tbe necessity for main' 
taming bi^ batttry voltages. 
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Id either of tbe» two typts of amplilUrs tbe maximum value of 
amplification obtainable will be somewhat less than the amplification 
constant of the tube that is used, Usually a valne of 70 per cent oc 80 
per cent of this amount can be conveniently obtained. The piiocipal 
advantage of tbe impedance coupled amplifier over the resisunce coupled 
is that lower "B" battery voltages may be used. 

By careful design a satisfactory frequency characteristic may be 
obtained with either type. 

5. TRANSFORMER COUPLED AMPLIFIERS 

A transformer coupled amplifier, as the name implies, makes use of 
a transformer to couple together the plate and grid circuits of two 
successive cubes in place of the resistance or inductance coils previously 
described. Such transformers may have varying turn ratios depending 
upon the types of tubes involved, their function, however, being to 
raise the voltage applied to the grid of a rube to as high a value as possible 
in order to obtain as gteat a voltage amplification pec stage as possible. 

In the design and measurement of amplifiers certain fundamental 
considerations must be remembered, otherwise entirely erroneous results 
may be obtained. 

Tbe gain of an amplifier, frequently referred to as insertioD gain, 
represents the amount of amplification obtained with the amplifier 
inserted in the circuit compared to a condition where the amplifier is 
removed from the circuit and tbe 
equipment that is connected to , 
tbe inpu c an d ou tpu t of the amp* > 

lifier is tied directly together. 

Assuming a condition such as is , ? 
shown in Figure 364 where we 
have two resistances, Rt and R^, Fifore — InMnion ejin prodactd 
which art equal in value and 

between which the amplifier is inserted, the gain of the amplifier would 
be the amplification obtained with the circuit as shown in tbe figure as 
compared to tbe condition where Ri and R, are connected directly 
together. 

In order to ascectain the amount of voltage amplification obtained 
It is only necessary to determine the ratio of the voltages across Rr and 
Rr with the amplifier inserted as compared to that where the amplifier is 
not inserted. If then and R, are equal In value we have by this 
measDtemeot the voltage amplifiation of tbe amplifier. If, however, 
they are unequal, it will be necessary to apply tbe correction factor as 
described in Chapter XXXll on the Decibel. 





518 


MOTION PICTURE SOUND ENGINEERING 


Figure 369, Page 523. shows a simplifed diagram of a single 
stage transformer coupled ampliher. In this diagram the resistance Rt 
represents the resistance of cbe circuir to which the amplifier is connected 
and Et represents the voltage of the source. 7^ eifect produced would 
be the same as if a generator of internal resistance Rt and voltage Et were 
supplying voltage to the amplifier. R, represents the resistance of the 
circuit to which the output of the amplifier is connected. Ri is used 
where it b desired to match the impedance of the input of the amplifier 
CO the circuit to which ic b connected. Rt might be a potentiometer 
by means of which the gain of the amplifier could be controlled. If 
che amplifier were not connected in the circuit the cesbtance R, would 
be in the position shown for and the gain of che amplifier is. theit' 
fore, the voltage obtained across R, with the amplifier inserted, compared 
to the voltage across it when connected in the position just described. 

In order to calculate the gain of the amplifier it is convenient to 
assume that cbe voltage genented by Ei is two volts, in which case, if 
R 4 and were directly connected together and were equal to one an> 
other, one volt would be generated across each. If now the amplifier 
were insesced and with two volts generated at £|. there were ten volts 
produced across Rr the voluge amplification would be ten. Since instead 
of obtaining one volt aaoss Kr as was the case when there was no 
amplifier inserted, we now obtain ten volts. It is consequently con* 
venient in calculaciag gain to always assume two volts as the value of 
che source of stipply, in which ca» the voluge actually developed across 
R^ with the amplifier inserted is the actual amount of voltage amplifies • 
tioa obtaizaed. 

If we now consider Caae A of Figure 369, Page 523. where and 
Ra are equal co infiujcy and aR. tbenfore. aon*exisc<nt. and where 
R, equals Rr we may caknbee che gain of the amplifier as follows: 
two volts are geaetaced « E,. snd since Ri b infinite, cbe whole of this 
voltage wUI appear across the primaiy of transformer Tj. Since Ti 
Rpresencs che cum catio of thb cransforzuer, the voltage across the 
secondary will be Ta tunes two and the whole of this voltage will appear 
across dn grid and filament of cbe robe. 71 m total voltage nUased 
in the plai^ oecatt will be thb value aiulriplbd by the ^ of the tube or 
^ X X 2 

We have, however, assumed that R, = A; 

i 2 

impedance looking into the primary of transformer Tj b equal to the 
place to filamoic resistance of the cube. Consequently one-half of the 
total voltage rdeaisd in che {date dreuie will be developed afio« ihe 
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primary of the tzaosformet. The voltage across the aecocr^ary of rbjs 
transformer wiU consequeocl y be limes as great: i. e.. the total ampH* 
ficacioD obtained equals T* X H X X Tj X 2 := M X Tj X Tj. as 
shown in Figure 369. 

The ocher cases shown in this figure are simple extensions of Case A 
and no difficulty should be experienced in following the reasoning 
involved. 

Figure 370. Page 524. and Figure 371, Page 525, give similar data 
for two and three stage amplifiers of this type and by applying a similar 
method of solution to that used for the single stage amplifier it should 
be possible to check the resnlcs shown for each of the cases considered. 

6. POWER OXnPUT OF AMPLIFIERS 

The stage of amplification that delivers the power output of an 
amplifier is called the power stage and the tube employed is called the 
power rube. There are two difierent types of requirements that this 
stage may be called upon to meet. The first of these has as its object 
the prodocrion of the maximum possible amount of undistorted power 
that can be obtained where a given tube is used and when a given signal 
voltage acts upon its grid. The second is the production of the maxi' 
mum andiscorted power output chat can be obtained irrespective of 
the amount of signal voltage applied to chat grid. The first of these two 
requireoients la met by designing the circuit so that the tube works into 
an impedance equal to ics own plate-filament teristance. The second 
U met by designing the circuit so that the rube works into an impedance 
that is equal Co twice its own plate-filament resistance. The amount of 
povrer delivered to the output circuit under these two conditions may 
be calculated as follows: 


CASg 1 —1 Where R, = iLs 

The effective grid voltage = £c X 0,707. 

The voltage acting in the output circuit = Eo X 0.707 X 
The voltage available at the output transformer 

X 0,707 X ^ 

” 2 


£» 


Since power in watts > 

the power output to the transformer 

X 0.707 X 




Rr 


watts 
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Case 11 — Where Rp^Rr'. 

The effeceive grid vcJtage “£o X 0.707. 

The voltage acting in the ootpuc circuit 

= ^oX 0.707 

Power output to the transformer 

(f.X 0-707 

“ R. 

£o* M* R, 


7. REFERENCE POWER LEVEL 


In communication vrork it is convenient to be able to express tlie 
power ezutiag at any point in a circuit as $o many db above or below 
a standard amount of power. Tbe standard chosen is called the reference 
power level and U arbitrarily fixed aa 0.006 watts. Since the number 
P 

of db equals 10 log ^ 

A Pow«l«.l=101og-E2=^^^db. 


If we take aa aa example tbe case where ao amplifier delivers 0.06 
watts to its output drcuic. its power output level 

0.06 


s 10 log 


OOO^ 
4 10 db 


db 


This is oormally written: 


Power level s 10 db 0.006 watts 
This means that the amplifies tindec consideiatioa delivers a power 
level which is 10 db above the arbtenry reference power level of 0.006 
watts. 

Figure 368. Page 522. pves in gcapbical form a means of deriving 
tbe number of db above or below reference power level for any 
value of power between 0.00006 and 60 watts. 
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Tracisforcner Coopled Ampliiierj Single Stage 

U T. 



il( • Iap*d«nc* of soutm. .« Koeoiving Zinpodute*. 

& 7^ • Turn rattea (a/?) of cranoforMfo. 

With no aaplifior loaopted tho following elreult oonditloa would 
•xlit: • _ 

? 


and aa:aBU«i power would bo obtoined In when R, « Sp i>o. SpcL/8 E^. 

Thio i» O^lnlont to tesuain; ESt ** 

Initial voltogo, in which oaoe S. • tho voltage obtained Sy the uoo 
of an a*plifier» over that oxloting without the uae of an asa^iflor. 

in the. following tatea A > Woltage aaplifleatien. 

(dj Rp . R^g« Rl a o^ "fi 5 ec ''t s ^ 

A i ^iTg K 

(B) Bp a R,/Tg* Rj 8 •* Rg : eo 

A , ft TtTgVv^ 

(Cl Rp.; R^g8 Rg aeo ■ Rf 

A 0 l/g^t^Tg^yB^/Rf 


(Di Hp 5 I^/TgS 


a 




(Jl_) 

^>4 ♦ 5t / 


(8) Rp a R/Ig8 Bj a .ft 


a«HVpV^^/ h \ 

iRg ♦ Rt^l^i 


(0) a a ^ 

I Bi «2 * R/i ♦ ^iRtV) (arV ♦ "p J 



m puah-poll olrodlto apply etae fontuloe a* ahove exeept replaea 
Bp >7 8 ", 
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Transformer Coupled Amplifiers-—Two Stage 
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Transformer Coupled Amplifiers — Three Stage 
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APPENDIX 


Chaits XXX. XXXi, and XXXII ire Noise Reduction Cbaics giv' 
mg the valve spacing of a I mil light valve to obtain different amounts 
of noise reduction in terms of percentage closure current, and valve level 
in the terms of percentage modulation. 

CHART XXX 



Valve Spaciag vi. Kc^ RedacHoo foi 1 m\) Llgbe Valve. 
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CHART XXXIII 

Coav«raioa Chait^VoUase. Cornni and Pow«c Ratios to TraBsmiulon Uaits (db) 







•ATtO 

Op Cun'o—VoUase and Curreot tatioi 
LoM in db 20 log ^ :s 20 log^ 


Bottom Curvt—Power piioe loss in db 


CHART XXXIV 

Crcslt Chact-^jiviag E. I. P. snd R ol a circuit when two of tbeu values arc known 
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Table VII 

NATURAL SINES, COSINES, TANGENTS 
AND COTANGENTS 
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Four-Place Table of CoouDon LogariCbou 
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Four-PUce Table of Common Logarithms 
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